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Abstract	
Engineering	 design	 is	 a	 complex	 activity	 that	 requires	 cross-domain	 knowledge	 and	
experience.	 Many	 engineering	 design	 methodologies	 have	 been	 proposed	 to	 describe	
engineering	design	and	engineering	design	processes.	In	order	to	assist	the	implementation	
of	these	design	methodologies,	various	design	representations	and	design	supporting	tools	
are	 developed	 along	 with	 the	 methodologies.	 For	 example,	 the	 systematic	 approach	
proposed	by	Pahl	and	Beitz	possesses	the	function	structure	as	its	design	representation	and	
the	design	repository	as	its	design	support.	
Creativity,	as	an	essential	element	in	engineering	design,	allows	engineering	designers	to	be	
capable	 of	 generating	 novel	 and	 useful	 design	 ideas.	 To	 assist	 the	 idea	 generation	 in	
engineering	design,	many	creative	tools	including	brainstorming	and	morphological	analysis	
have	been	developed.	Among	 all	 creativity	 tools,	 the	 theory	 of	 inventive	 problem	 solving	
(TRIZ),	developed	based	on	the	analysis	of	thousands	of	patents,	may	be	the	only	tool	that	
could	actually	help	engineering	designers	at	the	concept-solution	location	and	actual	problem	
solving	stage.	The	TRIZ	toolkit	possesses	several	useful	tools	such	as	inventive	principles	and	
contradiction	 matrix	 that	 could	 help	 its	 users	 to	 avoid	 “trial	 and	 error”	 by	 employing	
systematic	idea	generation	and	problem	solving	methods.	
TRIZ	functional	analysis	 is	an	essential	tool	 in	modern	TRIZ	practice	that	helps	engineering	
designers	 to	 analyse	 component	 interactions	 within	 the	 technical	 system	 and	 search	 for	
weaknesses	 that	 require	 improvements.	 The	 functional	 analysis	 diagram	 (FAD)	 provides	 a	
visualised	interface	that	allows	engineering	designers	to	record	and	analyse	the	component	
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interactions.	Together	with	the	TRIZ	76	standard	solutions,	functional	analysis	is	an	effective	
tool	in	assisting	problem	solving	processes.		
While	the	TRIZ	functional	analysis	 is	usually	applied	to	 improve	the	weaknesses	of	current	
designs,	 its	 feasibility	 in	 new	 product	 design	 has	 not	 yet	 been	 explored.	 The	 aim	 of	 this	
research	 is	 to	 develop	 a	 methodology	 that	 implements	 TRIZ	 functional	 analysis	 for	 new	
product	design.	In	addition	to	the	design	methodology,	a	component	database,	Mechanism	
and	 Machine	 Element	 Taxonomy	 (MMET),	 has	 been	 developed	 as	 a	 part	 of	 design	
methodology	to	expand	the	knowledge	space	available	during	the	design	process.		
Several	 case	 studies	 including	 the	 design	 of	 a	 deformable	 surgical	 platform,	 a	 plan	 of	 an	
ecology	sustainable	village,	and	a	performance	assessment	facility	for	a	passive	ventilation	
system	are	conducted	in	order	to	validate	the	design	methodology.	While	the	first	two	case	
studies	aim	to	verify	the	application	of	FAD	and	MMET	in	function-based	design	processes,	
the	latter	two	case	studies	aim	to	extend	FAD’s	application	to	the	design	of	other	types	of	
technical	systems.	The	application	of	both	a	function-based	design	improvement	process	and	
a	new	product	design	process	have	been	extended	and	verified.		
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Nomenclatures	
TRIZ	 Theory	of	Inventive	Problem	Solving	
FAD	 Functional	Analysis	Diagram	
DRM	 Design	Research	Methodology	
RC	 Research	Clarification	
DS	 Descriptive	Study	
PS	 Prescriptive	Study	
MMET	 Mechanism	and	Machine	Element	Taxonomy	
PVHR	 Passive	Ventilation	with	Heat	Recovery	
TTS	 Theory	of	Technical	Systems	
EDS	 Engineering	Design	Science	
VDI	 The	German	Society	of	Engineers	
FBS	framework	 Function-Behaviour-Structure	framework	
C-K	theory	 Concept-Knowledge	theory	
TDesP	 Theory	of	Design	Processes	
TrfS	 Transformation	System	
TefP	 Transformation	Processes	
Tg	 Technology	
TS	 Technical	System	
F	 Function	
Be	 Expected	Behaviour	
Bs	 Structural	Behaviour	
S	 Structure	
D	 Design	Description	
CAD	 Computer-Aided	Design	
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CFD	 Computational	Fluid	Dynamics	
FEA	 Finite	Element	Analysis	
QFD	 Quality	Function	Deployment	
WI	 Weighted	Importance	
FR	 Functional	Requirement	
CR	 Customer	Requirement	
RJX	 Revolute	joint	that	allows	rotation	about	X	axis	
PJX	 Prismatic	joint	that	allows	translational	movement	along	X	axis	
FAST	 Function	Analysis	Systems	Technique	
IBIS	 Issue	Based	Information	System	
RX	 Rotational	movement	that	rotates	about	X	axis	
TX	 Translational	movement	that	move	along	X	axis	
FRP	 Fiberglass-Reinforced	Plastic	
PV	 Photovoltaics	
MBR	 Membrane	Bio-Reactor	
SBR	 Sequencing	Batch	Reactor	
DFD	 Double-sided	Flow	Diversion	
MVHR	 Mechanical	Ventilation	with	Heat	Recovery	
TGD	 Tracer	Gas	Dilution	
ACH	 Air	Change	Rate	per	Hour	
V	 Volume,	m3	V	 Volume	Flow	Rate,	m3/h	
CCO2 Concentration	of	CO2,	ppm	
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Chapter	1 Introduction	
1.1 Background	
Creativity	is	the	ability	that	allows	us	to	generate	novel	ideas	that	are	useful	and	applicable	
to	 requirements	 and	 constraints,	 people	 around	 the	 world	 diversely	 developed	 various	
cultures	that	adapt	to	different	local	environments	(Hennessey	&	Amabile,	2010;	Sternberg,	
1999).	Although	humans	are	not	the	only	species	possessing	creativity,	we	are	different	to	
other	animals	for	being	able	to	exhibit	higher	levels	of	creativity	(Kaufman	&	Kaufman,	2015;	
Picciuto	&	Carruthers,	2014).	While	creative	behaviours	of	animals	are	often	recognised	as	
“agent-relative”	creativity	that	is	related	to	the	objects	only,	most	humans	are	able	to	exhibit	
not	only	“agent-relative”	creativity	but	also	“agent-neutral”	creativity	that	is	also	novel	to	the	
entire	community	(Picciuto	&	Carruthers,	2014).	On	some	rare	occasions,	some	individuals	
are	able	to	reach	“historical”	 level	of	creativity	that	 ideas	are	novel	 to	the	entire	society’s	
history	 (Picciuto	 &	 Carruthers,	 2014).	 Research	 conducted	 by	 Enquist	 et	 al.	 (2008)	 also	
suggested	that	creativity	is	an	important	factor	for	the	accumulation	of	human	culture	and	
individuals	with	exceptional	degree	of	creativity	are	always	the	key	to	boost	cultural	evolution	
and	transmission.	
From	 the	 creation	 of	 art	 and	 literature	 to	 the	 enactment	 of	 laws	 and	monetary	 systems,	
creativity	 shows	 its	 importance	and	how	 it	benefits	human	culture	 in	many	ways.	Design,	
mostly	referring	to	engineering	design	in	this	study,	is	one	of	the	main	behaviours	through	
which	people	exhibit	their	creativity	(Cross,	2000).	In	fact,	creativity	is	an	essential	element	in	
engineering	design	and	the	outcome	of	an	engineering	design	project	can	be	recognised	as	
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the	result	of	creativity	process	(Cross,	2000;	French,	1999;	Pugh,	1991;	Thompson	&	Lordan,	
1999).		
An	 engineering	 design	 project	 involves	 a	 series	 of	 activities	 that	 starts	 from	 establishing	
needs,	 task	 analysis,	 conceptual	 design,	 embodiment	 design,	 detailed	 design,	 to	
implementation	 (Howard,	 Culley,	 &	 Dekoninck,	 2008).	 It	 is	 an	 engineer’s	 privilege	 and	
responsibility	to	transform	both	technical	and	non-technical	knowledge	into	solutions.	This	
transformation	of	knowledge	depends	on	an	engineer’s	creativity	to	generate	new	ideas	and	
clever	 solutions.	However,	not	everyone	possesses	 the	 same	 level	of	 creativity.	 Therefore	
creativity	 tools	 such	 as	Brainstorming,	 Synectics,	Analogy,	 and	Morphological	Analysis	 are	
frequently	utilised	by	practitioners	and	establishments	to	improve	the	quantity	and	diversity	
of	ideas.	Altshuller	et	al.	(1997)	also	noted	that	with	the	use	of	creativity	tools	such	as	Theory	
of	Inventive	Problem	Solving	(TIRZ),	the	inventiveness	level	and	the	market	value	of	the	work	
produced	will	be	progressed	to	a	higher	measure.	
On	the	other	hand,	many	engineering	design	theories	and	methods	have	been	proposed	to	
assist	engineering	designers	for	the	complex	nature	of	engineering	design.	Although	these	
theories	and	methods	all	have	their	own	view	of	engineering	design,	most	of	them	can	be	
recognised	as	function-based	engineering	design	approaches.	In	order	to	assist	the	function-
based	approaches,	 various	 representations	and	 taxonomies	were	also	developed	with	 the	
approaches.	While	most	representations	are	not	 intuitive	and	require	efforts	 to	 learn,	 the	
functional	analysis	diagram	(FAD)	is	thought	to	be	relatively	easy	to	understand	even	for	non-
engineering	personnel	(Aurisicchio,	Bracewell,	&	Armstrong,	2012;	Aurisicchio,	Eng,	Nicolas,	
Childs,	&	Bracewell,	2011;	Michalakoudis,	Childs,	Aurisicchio,	Pollpeter,	&	Sambell,	2014).	As	
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a	FAD	decomposes	function,	provides	design	rationales	with	structural	relationships,	it	could	
be	taken	as	a	highly	informative	interdisciplinary	communication	platform.	
FAD	 is	 a	 newly	 developed	 TRIZ	 (the	 acronym	 of	 Russian	 “Theoria	 Resheneyva	
Isobretatelskehuh	Zadach,”	i.e.	the	theory	of	inventive	problem	solving,	TIPS)	tool	that	aims	
to	help	designers	to	understand	a	system	by	mapping	multidimensional	inner-relationships.	
The	development	of	FAD	was	first	disclosed	by	Inventive	Machine	Corporation	(Aurisicchio	et	
al.,	2012;	Devoino,	Koshevoy,	Litvin,	&	Tsourikov,	2000).	FAD	helps	engineers	and	designers	
to	 identify	strengths,	weaknesses,	and	redundancies	of	 the	system	with	the	connection	of	
components	 and	 functional	 attributes.	 Therefore	 insights	 and	 critical	 points	 of	 designed	
system	can	be	understood	and	system	improvements	can	be	easily	achieved.	This	makes	FAD	
a	suitable	tool	for	design	improvements	that	have	prior	arts.	However,	as	Aurisicchio	et	al.	
pointed	out	that	although	FAD	is	useful	in	helping	designers	to	interpret	a	system’s	context	
into	the	paths	of	new	solutions,	its	role	in	new	product	design	process	has	not	been	widely	
discussed	(Aurisicchio	et	al.,	2012,	2011).		
This	research	investigates	the	feasibility	of	implementing	the	FAD	in	function-based	design	
processes.	While	FAD	is	recognised	as	a	useful	tool	in	representing	the	interrelationships	of	
components	 and	 functions,	 its	 application	 in	 function-based	 design	 processes	 will	 be	
discussed.	 A	 number	 of	 case	 studies	 are	 also	 utilised	 to	 prove	 its	 usability	 in	 engineering	
design.	 The	 case	 studies	 conducted	 are	 the	 design	 of	 a	 deformable	 surgical	 platform,	 a	
passive-active	ventilation	system,	a	ventilation	performance	assessment	facility,	and	the	plan	
for	 the	 design	 of	 a	 clean	 energy	 community.	 To	 further	 support	 function-based	 design,	 a	
component	taxonomy	is	established	as	a	supporting	tool	for	mechanical	system	designs.		As	
the	result,	a	solution	for	function-based	design	is	proposed.	
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1.2 Research	Aim,	Questions,	and	Objectives	
This	research	aims	to	adapt	FAD	as	the	representing	support	for	function-based	engineering	
design	 processes.	 To	 achieve	 this	 research	 goal,	 the	 four	 research	 questions	 need	 to	 be	
addressed	are:	
Q1. How	can	FAD	be	adapted	in	function-based	design	processes?	
Q2. Can	FAD	help	stimulating	creativity	in	engineering	design?	
Q3. How	can	a	design	taxonomy	be	helpful	in	design	and	stimulate	creativity?	
Q4. How	can	FAD	be	extended	for	other	types	of	design?	
To	answer	these	questions,	the	researching	objectives	need	to	achieve	are:	
Objective	1. Understand	the	need	of	adapting	FAD	in	function-based	engineering	design	
Objective	2. Develop	an	engineering	design	taxonomy	to	support	function-based	design	
Objective	3. Adapt	 FAD	 and	 the	 taxonomy	 into	 function-based	 design	 improvement	
process	and	stimulate	creativity	
Objective	4. Develop	a	new	function-based	product	design	process	that	adapt	FAD	and	
the	taxonomy	
Objective	5. Extend	 the	 application	of	 FAD	and	 the	design	processes	 to	more	 system	
types	
1.3 Research	Methodology	
This	research	aims	to	develop	function-based	engineering	design	processes	for	FAD.	Its	tasks	
involve	 both	 design	 understanding	 and	 design-support	 development.	 While	 Blessing	 and	
Chakrabarti	 (2009)	 defined	 design	 research	 as	 the	 integration	 of	 development	 of	
understanding	and	development	of	support,	it	is	possible	that	the	research	aim	and	objectives	
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listed	in	section	1.2	could	be	achieved	by	adapting	the	design	research	methodology	(DRM)	
they	proposed.		
The	DRM	framework	consists	of	four	main	stages	including	research	clarification,	descriptive	
study,	prescriptive	study,	and	another	descriptive	study.	As	shown	in	Figure	1-1,	it	is	a	circular	
research	process	and	the	expected	works	of	each	stage	are:		
Research	clarification,	RC	
The	 research	 clarification	 stage	 focuses	 on	 identifying	 research	 goals	 through	 literature	
analysis.	Initial	reference	model	and	initial	impact	model,	i.e.	initial	understanding	of	current	
situation	 and	 initial	 thought	 of	 ideal	 situation,	 are	 explored	 in	 this	 stage.	 Based	 on	 these	
understanding	of	situations,	research	question	and	hypothesis	are	preliminarily	assessed.		
Descriptive	study	I,	DS-I	
This	 stage	 aims	 to	 further	 understand	 design	 and	 investigate	 actual	 issues	 that	 need	
improvements.	 Since	 the	 research	 question,	 hypothesis,	 and	 goals	 were	 defined	 in	 the	
previous	stage,	the	major	task	of	this	stage	is	to	find	further	evidence	through	empirical	case	
studies.	The	deliverables	for	the	next	stage	will	be	a	deeper	understanding	of	current	situation	
(complete	reference	model).	
Prescriptive	study,	PS	
In	 the	prescriptive	study	stage,	 it	 is	 focused	on	 the	development	of	actual	design	support	
based	on	the	conclusion	of	DS-I	stage.	The	actual	design	support	can	be	a	workbook,	a	design	
checklist,	 a	 software,	etc.	While	developing	design	 support,	 the	 feasibility	of	utilising	 it	 to	
applications	should	also	be	assessed	before	being	studied	with	real	applications.	After	the	
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feasibility	is	confirmed,	an	evaluation	plan	should	be	outlined	and	the	research	can	move	to	
the	next	stage.	
Descriptive	study	II,	DS-II	
The	second	descriptive	study	stage	is	intended	to	evaluate	if	the	design	support	can	be	useful	
for	its	intended	tasks	by	case	studies.	The	design	support	developed	in	the	PS	stage	will	be	
assessed	and	evaluated	in	this	stage.	The	primary	objective	is	to	identify	whether	the	design	
support	can	be	used	for	the	task	for	which	it	is	intended	and	has	the	expected	effect	on	the	
key	factors,	i.e.	evaluation	via	actual	applications.	
	
Figure	1-1	DRM	phases	(adapted	from	Blessing	&	Chakrabarti,	2009)	
Based	on	the	DRM’s	framework,	the	research	processes	for	the	four	research	question	listed	
in	section	1.2	can	be	illustrated.	As	shown	in	Figure	1-2,	not	every	question	requires	to	go	
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through	 all	 four	 DRM	 stages.	 The	 detail	 of	 planned	work	 for	 each	 stage	 can	 be	 listed	 as	
follows:	
Research	Clarification	(RC):	Literature	analysis	
• Review	engineering	design	research	to	show	research	trajectories	related	to	research	
objectives.	(Chapter	2)	
• Introduce	 engineering	 design	 methods	 and	 creativity	 researches	 related	 to	
engineering	design	(Chapter	2)	
• Explain	why	function	modelling	and	function	based	design	is	essential	in	new	product	
design,	and	how	FAD	can	help	what	others	cannot	help	in	design	(Chapter	3)	
• Review	 currently	 available	 engineering	 design	 taxonomies	 and	 explain	 their	
limitations	(Chapter	3)	
Descriptive	Study	I	(DS-I):	Empirical	study	
• Analyse	 student’s	 cordless	 hand	 tool	 design	 project	 to	 support	 the	 necessity	 of	
supporting	taxonomy	(Chapter	4)	
Prescriptive	Study	(PS):	Develop	support	
• Develop	mechanism	and	machine	element	taxonomy	(MMET)	(Chapter	4)	
• Design	processes	utilising	FAD	and	MMET	as	design	supports	(Chapter	5)	
• Extend	 FAD’s	 application	 and	 the	 design	 processes	 for	 different	 types	 of	 design	
(Chapter	6))	
Descriptive	Study	II	(DS-II):	Empirical	study	
• Design	improvement	of	a	lawn	mower’s	blade	module	(Chapter	5)	
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• Operating	table	design	(Chapter	5)	
• Clean	energy	community	planning	(Chapter	6)	
Improving	assessment	system	for	passive	ventilation	technology	(Chapter	6)	
	
	Figure	1-2	Research	processes	and	chapters	(noted	in	circles)	
1.4 Thesis	Structure		
The	 research	 will	 be	 described	 in	 7	 chapters.	 Following	 this	 introductory	 chapter	 1	 that	
describes	 the	 background	 and	 objectives	 of	 the	 research,	 Chapter	 2	 starts	 with	 an	
introduction	 on	 engineering	 design	 science	 including	 its	 definition	 and	 diverse	 research	
disciplines	within	it	to	explain	why	function	modelling	is	not	only	essential	but	also	vital	 in	
engineering	design.	While	creativity	is	also	a	vital	element	for	engineering	design,	the	related	
creativity	research	and	creativity	tools	including	TRIZ	are	also	introduced.	
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The	 first	 part	 of	 Chapter	 3	 introduces	 and	 compares	 popular	 engineering	 design	
representations	including	function	structure	and	function-behaviour-state,	then	focuses	on	
the	 principle	 of	 FAD	 and	 its	 usage	 in	 design	 improvement	 processes.	 The	 second	 part	 of	
Chapter	 3	 introduces	 currently	 available	 taxonomies	 that	 are	 developed	 to	 support	
engineering	design.	
Chapter	4	describes	 the	development	of	a	design	 taxonomy,	 i.e.	mechanism	and	machine	
element	 taxonomy	 (MMET).	 It	 starts	with	 a	 case	 study	 that	 explores	 the	 need	 of	 design-
supporting	tools.	A	second-year	mechanical	engineering	student’s	design	project	at	Imperial	
College	 is	 investigated	 to	 realise	what	would	 it	 be	 if	 the	design	were	delivered	by	novice	
engineers.		
Chapter	 5	 introduces	 a	 function-based	design	 improvement	process	 and	a	 function-based	
new	product	design	process.	Both	processes	utilise	FAD	as	the	functional	representation	and	
MMET	as	the	component	database.	To	validate	the	processes,	two	case	studies	including	the	
improvement	of	a	lawn	mower’s	blade	module	and	the	new	design	of	deformable	operating	
tables	are	introduced.	
While	the	two	case	studies	in	Chapter	5	are	related	to	mechanisms	and	machine	elements,	
Chapter	6	aims	to	extend	the	application	of	the	function-based	design	two	processes	to	other	
types	of	designs.	The	FAD	is	also	adapted	to	represent	the	two	different	types	of	systems	in	
the	two	case	studies.	The	first	case	study	is	a	design	project	of	a	clean	energy	community	in	
the	rural	area	of	Beijing,	China	that	involves	the	arrangement	of	energy	systems,	hot	water	
supply	 and	heating	 facilities,	 and	 sewage	 treatment	 set-ups.	 Another	 is	 the	 design	 of	 the	
assessment	setup	for	a	passive	ventilation	system.	The	second	case	study	is	the	improvement	
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of	 the	assessment	system	for	a	passive	ventilation	with	heat	 recovery	 (PVHR)	system	that	
utilise	passive	stack	effect	to	actuate	ventilation	flows.	
In	 Chapter	 7,	 the	 author	 concludes	 the	 research	 and	 gives	 suggestions	 for	 further	 work	
regarding	research	and	development	of	applying	FAD	in	engineering	design.	
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Chapter	2 Engineering	 Design	 Research	 I:	 Definitions,	 Disciplines,	 methods,	
and	creativity	
2.1 Introduction	
This	chapter	explores	research	in	engineering	design	relevant	to	function-based	design.	While	
the	definition	of	engineering	design	is	often	confused	with	the	definition	of	artistic	design	and	
industry	design,	the	definitions	of	engineering	will	be	explored	and	discussed	in	Section	2.2.	
The	 classification	 of	 engineering	 design	 research	 will	 be	 introduced	 in	 Section	 2.3	 and	
compared	with	research	objectives	proposed	in	Chapter	1.	Section	2.4	introduces	engineering	
design	methods	that	are	related	to	this	research.	Major	research	topics	of	engineering	design	
such	 as	 engineering	 design	 processes,	 methodologies,	 and	 representations	 will	 be	
introduced.	Section	2.5	discusses	the	characteristics	of	creativity	in	engineering	design	and	
introduces	several	popular	creativity	tools	that	are	frequently	utilised	in	engineering	design	
projects.		
2.2 Engineering	design	definitions	
Engineering	 design	 and	 design	 engineering	 are	 two	 inter-exchangeable	 expressions	 (P.	 R.	
Childs,	2013;	W.	Ernst	Eder	&	Hosnedl,	2008).	Many	researchers	and	design	practitioners	have	
attempted	 to	 give	 the	 context	 of	 engineering	 design	 a	 clearer	 definition.	 Feilden	 (1963)	
defined	engineering	design	from	the	mechanical	engineer’s	view	describing	that	engineering	
design	is	about	defining	mechanical	structure	or	system	that	could	perform	economy	efficient	
functions	based	on	science,	technology,	and	creativity.	Penny	(1970)	gave	a	rather	abstract	
definition	that	engineering	design	is	the	art	of	how	science	is	utilised	to	generate	artefacts.	
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Hurst	(1999)	defined	it	as	establishing	and	defining	solutions	to	unsolved	problems	or	finding	
new	 solutions	 to	 already-solved	 problems.	While	 above	 definitions	 only	 provide	 a	 rough	
picture	 of	 engineering	 design,	 many	 researchers	 further	 defined	 engineering	 design	 as	 a	
systematic	 process	 that	 could	 transform	 human	 needs	 and	 design	 objectives	 into	 actual	
realisations	 such	 as	 technical	 systems	 or	 processes	 by	 means	 of	 applying	 designer’s	
recognition	of	scientific	and	technological	knowledge	(Asimow,	1962;	Blessing	&	Chakrabarti,	
2009;	Dym,	Agogino,	Eris,	Frey,	&	Leifer,	2005;	Hubka	&	Eder,	1987;	Taylor,	1959).		
As	the	main	activity	 in	engineering,	engineering	design	was	formerly	thought	to	be	a	pure	
engineering	activity	but	has	been	recognised	as	a	complex	subject	that	aims	to	solve	not	only	
technological	 issue	but	 also	human-related	 issues	 (W.	 Ernst	 Eder	&	Hosnedl,	 2008;	Hurst,	
1999;	Pugh,	1991).	The	major	characteristic	of	an	engineering	design	project	is	its	involvement	
with	product	development	plans	and	technical	issue	solving	tasks	that	rely	on	the	ability	to	
transform	science	and	engineering	knowledge	into	practical	solutions.	Figure	2-1	shows	the	
view	pointed	out	by	Dixon	(1966)	and	Eder	(W.	Ernst	Eder,	2011)	that	engineering	design	is	
the	centre	of	several	activities	in	different	disciplines	spanning	science-production,	function-
aesthetics,	 and	 economic-sociology-politics.	 The	 design	 engineering	 division	 of	 American	
Society	of	Mechanical	Engineers	(ASME)	also	defined	design	engineering	as	an	study	on	the	
emerging	of	art,	science,	and	application	of	design	engineering	(ASME,	2014).	
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Figure	2-1	Centrality	of	engineering	design	(Interpreted	from	Dixon,	1966;	W.	Ernst	Eder,	
2011)	
Technology	 philosophy	 researchers	 have	 also	 been	 discussing	 the	 inherent	 nature	 of	
engineering	 design	 from	 a	 different	 perspective.	 Bucciarelli	 (2002)	 described	 engineering	
design	as	a	collective	activity	that	requires	participants	with	different	specialties	to	consider	
consequences	 diversely.	 By	 recognising	 engineering	 design	 as	 the	 design	 of	 technical	
artefacts,	Kroes	(2010)	defined	engineering	design	as	a	process	that	transforms	or	translates	
functional	descriptions	of	design	objects	into	structural	descriptions.	He	pointed	out	that	the	
focus	of	engineering	design	context	is	on	the	physical	realisation	of	functional	requirements	
or	design	specifications.	Bucciarelli	(1994)	and	Brey	(2010)	further	addressed	that	engineering	
design	is	not	only	related	to	engineering-related	activities	and	design	processes	but	also	has	
great	social	implications.	This	matches	the	idea	proposed	by	Dixon	that	engineering	design	
links	many	dimensions	of	activities.	
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Recently,	the	idea	of	design	thinking	has	been	introduced	to	engineering	design	to	address	
the	importance	of	human-centred	design	ethos	to	design	activity	(Brown,	2008).	Childs	(2014)	
introduced	design	thinking	by	defining	engineering	design	as	“the	fusion	of	design	thinking,	
engineering	thinking	and	practice,	within	a	culture	of	innovation	and	enterprise.”		The	course	
specification	of	Innovation	Design	Engineering,	a	joined	course	of	Imperial	College	and	Royal	
College	of	Art,	further	pointed	out	that	engineering	design	is	a	rigour	and	precise	process	to	
combine	science,	technology	and	engineering	knowledge	in	a	creative	way	(Royal	College	of	
Art,	2013).	A	good	engineering	design	practice	should	incorporate	innovative	thinking,	design	
skills,	and	technological	knowledge	to	deliver	creative	designs	that	could	benefit	society	with	
commercial	success	and	innovation.	
In	summary,	engineering	design	is	a	broad	engineering	activity	that	involves	many	disciplines.	
It	 relies	 on	 designer’s	 ability	 to	 utilise	 expertise	 in	 solving	 problems	 and	 satisfying	
requirements	from	various	knowledge	domains.		
2.3 Research	objectives	and	related	research	disciplines	
2.3.1 Research	objectives	
Chapter	1	summarised	that	this	research	needs	to	answer	its	research	questions	by	achieving	
five	research	objectives:	
Objective	1. Understand	the	need	of	adapting	FAD	in	function-based	engineering	design	
Objective	2. Develop	an	engineering	design	taxonomy	to	support	function-based	design	
Objective	3. Adapt	 FAD	 and	 the	 taxonomy	 into	 function-based	 design	 improvement	
process	
Objective	4. Develop	a	new	function-based	product	design	process	that	adapt	FAD	and	
the	taxonomy	
Objective	5. Extend	 the	 application	of	 FAD	 and	 the	design	processes	 to	more	 system	
types	
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These	 five	 objectives	 require	 knowledge	 of	 various	 disciplines	 from	 creativity	 research,	
function	modelling,	to	design	methodology.	In	the	next	subsection,	a	series	of	literature	on	
classifying	engineering	design	 research	 is	 reviewed	 to	clarify	what	 research	disciplines	are	
involved	in	this	study.	
2.3.2 Engineering	design	research	classifications	
It	may	not	be	an	easy	task	to	define	what	topics	are	actually	involved	in	engineering	design	
research	 because	 of	 the	 complexity	 of	 engineering	 design.	 As	 described	 in	 section	 2.2,	
engineering	design	involves	activities	in	various	disciplines.	This	makes	engineering	design	a	
fragmented	research	topic	and	many	research	have	been	trying	to	answer	this	question	by	
classifying	engineering	design	research	activities	(Archer,	1981;	Eekels,	2000,	2001;	Finger	&	
Dixon,	1989a,	1989b;	Friedman,	2000;	Fulcher	&	HILLS,	1998;	Horváth,	2004;	 Love,	2000).	
These	 research	 studies	 resulted	 in	 many	 classifications	 that	 aim	 to	 improve	 engineering	
design	researchers’	understanding	of	this	complicated	discipline.	
One	of	the	earliest	attempts	was	made	by	Archer	(1981).	He	broke	down	the	whole	research	
field	 into	 ten	 areas	 including	 design	 history,	 design	 taxonomy,	 design	 technology,	 design	
praxeology,	design	modelling,	design	metrology,	design	axiology,	design	philosophy,	design	
epistemology,	 and	design	pedagogy.	Horváth	 (2004)	 critiqued	Archer’s	 classification	as	he	
thought	it	lacks	some	fundamental	fields	such	as	design	knowledge,	design	outcomes,	design	
processes,	human	factors,	and	applications.	However,	these	fields	are	likely	to	be	an	implicit	
part	 of	 the	 ten	 areas	 defined	by	Archer.	 For	 example,	 human	 factors	 can	be	divided	 into	
research	areas	“design	modelling”	and	“design	axiology.”	Therefore,	it	can	be	considered	that	
the	ten	categories	proposed	by	Archer	are	valid.	
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Finger	 and	 Dixon	 (1989a,	 1989b)	 proposed	 a	 six-category	 classification	 while	 reviewing	
mechanical	 engineering	 design.	 These	 categories	 are:	 (1)	 Descriptive	 models	 of	 design	
processes,	(2)	Prescriptive	models	for	design,	(3)	Computer-based	models	of	design	processes,	
(4)	Languages,	representations,	and	environments	for	design,	(5)	Analysis	to	support	design	
decisions,	and	(6)	Design	for	manufacturing	and	other	life	cycle	issues.	These	six	categories,	
being	 abstract	 and	 limited	 to	mechanical	 engineering	 design,	 can	 still	 be	 a	 reference	 for	
engineering	design	researchers	to	preliminarily	identify	their	research	projects.		
Fulcher	and	Hills	(1998)	also	developed	a	three-level	taxonomy	of	design	research	topics	that	
classifies	design	research	in	a	hierarchical	structure	based	on	Ullman’s	(1992)	taxonomy	of	
design,	as	shown	in	Figure	2-2.	They	analysed	design	research	case	studies	by	using	a	set	of	
thirty	six	attributes	derived	from	Ullman’s	taxonomy	of	design	and	categorised	them	into	a	
taxonomy	of	three	first-level	categories,	nine	second-level	categories,	and	twenty	four	third-
level	categories	with	the	assistance	of	computer	numerical	cluster	analysis.	They	claimed	this	
approach	 could	 produce	 descriptive	 classification	 and	 therefore	 can	 describe	 actually	
observed	design	research	behaviour.		
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Figure	2-2	The	descriptive	taxonomy	of	design	research	by	Fulcher	and	Hills	(1998)	
Hubka	et	al.	(W.	Ernst	Eder	&	Hosnedl,	2008;	Hubka	&	Eder,	1996)	proposed	that	engineering	
design	 science	 can	 be	 categorised	 by	 four	 axes	 including	 object	 information	 and	 process	
information	 on	 the	 horizon	 axis,	 and	 practice	 information	 and	 theory	 knowledge	 on	 the	
vertical	axis,	as	shown	 in	Figure	2-3.	The	whole	of	engineering	design	science	 is	 therefore	
divided	into	four	quadrants	such	as	design	methodology,	theory	of	design	processes,	theory	
of	technical	systems,	and	design	knowledge	about	objects	and	systems.	This	classification	is	
rather	 abstract	 without	 much	 detail.	 However,	 it	 clearly	 indicates	 the	 characteristics	 of	
theories	that	Hubka	et	al.	proposed	including	the	Theory	of	Technical	Systems	and	the	Theory	
of	Design	Process,	and	the	practical	knowledge	related	to	the	theories.	
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Figure	2-3	Map	of	design	science	(adapted	from	W.	Ernst	Eder	&	Hosnedl,	2008;	and	Hubka	
&	Eder,	1996)	
Koskinen	 et	 al.	 (2011)	 also	 proposed	 a	 nine-category	 classification	 to	 address	 what	 their	
research	includes	and	excludes:	
1. Constructive	design	research	
2. The	social	sciences	in	design	
3. Design	history,	aesthetics,	and	philosophy	
4. Practice-based	research	
5. Product	semantics	and	semiotics	
6. The	natural	sciences	in	design	
7. Engineering	and	computer	science	
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8. Design	management	
9. Psychology	and	design,	design	studies	
However,	this	classification	is	based	on	their	experience	on	practical	design	research	and	is	
again	 too	 abstract	 to	 represent	 the	 complex	 contents	 that	 engineering	 design	 research	
consists	of.		Moreover,	the	categories	within	this	classification	lack	detailed	description	so	the	
exact	definition	and	boundaries	are	too	vague	to	be	a	qualified	classification.	
What	 characteristics	 should	 a	 reasonable	 classification	 possess?	 From	 the	 classifications	
introduced	 above,	 four	 can	 be	 summarised.	 First,	 a	 classification	 for	 engineering	 design	
research	should	be	generic,	and	cover	all	activities	involved	in	engineering	design	research.	
Some	 classifications	 introduced	above	are	proposed	 for	 the	 research	of	 a	 specific	 type	of	
design	practice	or	design	theory.	Second,	a	classification	should	provide	detail	description	and	
prior	 efforts	 of	 each	 research	 category	 and	 trajectory.	 Third,	 categories	 and	 trajectories	
within	a	classification	should	have	detail	information	to	differentiate	one	from	another.	An	
engineering	design	research	project	could	involve	activities	in	a	number	of	trajectories	but	
none	of	these	trajectories	should	overlap	each	other.	Fourth,	a	classification	should	suggest	
the	order	of	executing	engineering	design	research	projects	since	a	project	may	involve	more	
than	 one	 trajectory.	 Such	 ordering	 information	 could	 provide	 researchers	 a	 reference	 to	
schedule	their	research	plan	(Koskinen	et	al.,	2011).		
The	classification	proposed	by	Horváth	(2004)	may	be	the	only	classification	that	obeys	the	
four	criteria	of	classifying	engineering	design	research.	Almost	all	design	research	activities	
involved	 in	 this	 research	 are	 related	 to	 at	 least	 one	 trajectory	 within	 this	 classification.	
Horváth	analysed	and	summarised	engineering	design	research	into	a	sequence	of	works	that	
involve	dozens	of	knowledge	categories	and	domains.	The	hierarchy	of	classification	has	five	
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levels	 including	 order	 class,	 research	 category,	 research	 domain,	 research	 trajectory,	 and	
research	approach.	Figure	2-4	shows	the	classification	down	to	research	domain.	The	three	
classes	are	source,	channel,	and	sink.	The	source	class	includes	research	categories	related	to	
fundamental	 engineering	 research	 knowledge	 including	 “human	 assets,”	 “design	
knowledge,”	“artefact	knowledge,”	and	“processes	knowledge.”	The	channel	class	includes	
categories	 of	 “design	 philosophy,”	 “design	 theory,”	 “design	 methodology,”	 and	 “design	
technology”	 to	 provide	 linkage	between	 theoretical	 science	 and	 applied	 science.	 The	 sink	
class	is	defined	to	be	the	final	application	of	engineering	design	knowledge.	It	includes	only	
one	 research	 category,	 “design	 application.”	 For	 a	 detailed	 list	 of	Horváth’s	 classification,	
please	refer	to	Appendix	I.	
2.3.3 Research	objectives	and	related	engineering	design	research	activities	
The	research	objectives	 listed	in	Chapter	1	can	be	recognised	as	the	tasks	that	need	to	be	
accomplished	by	certain	research	activities.	While	these	activities	are	related	to	engineering	
design	research	and	practice,	it	is	almost	certain	that	each	of	these	research	activities	can	be	
matched	to	at	least	one	research	domain	and	trajectory	from	Horváth’s	classification.	As	the	
result,	the	engineering	design	research	domains	related	this	research	are	design	intelligence,	
design	 systematisation,	 design	 innovation,	 design	 externalisation,	 design	 modelling,	
modelling	techniques,	design	informatics,	methodologies	of	design,	design	processes,	design	
praxeology,	and	artefact	manifestations.	The	actual	research	trajectories	involved	are	listed	
as	follows:	
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Figure	2-4	Horváth’s	classification	of	engineering	design	(Horváth,	2004)	
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Objective	1. Understand	the	need	of	adapting	FAD	in	function-based	engineering	design	
This	 objective	 requires	 deep	 understanding	 of	 design	 representations.	 Therefore,	 the	
research	 activities	 required	 to	 achieve	 this	 objective	 are	 related	 to	 design	 representation	
research:	
ð Design	externalisation:	design	representations	
ð Design	modelling:	functional	modelling,	structural	modelling	
ð Modelling	techniques:	verbal-textual	modelling,	visio-spatial	modelling	
ð Design	informatics:	information	representation	
	
Objective	2. Develop	an	engineering	design	taxonomy	to	support	function-based	design	
This	design	 taxonomy	could	be	combined	with	 the	use	of	FAD	 in	new	product	design	and	
should	 be	 able	 to	 provide	 a	 knowledge	 database	 for	 design	 and	 stimulate	 creativity	
performance	of	the	design.	
ð Artefact	manifestations:	design	taxonomies,	artefact	properties	
	
Objective	3. Adapt	 FAD	 and	 the	 taxonomy	 into	 function-based	 design	 improvement	
process	and	stimulate	creativity	
The	major	 reason	 of	 adapting	 FAD	 and	MMET	 in	 engineering	 design	 is	 their	 potential	 to	
enhance	 creative	 performance	 in	 engineering	 design.	 It	 is	 essential	 to	 understand	 how	
creative	design	works	in	order	to	further	study	how	FAD	can	help	innovation	and	problem	
solving.	
ð Design	intelligence:	design	creativity	
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ð Design	systematisation:	design	decision	making,	design	optimisation	
ð Design	innovation:	inventive	problems	solving,		
	
Objective	4. Develop	a	new	function-based	product	design	process	 that	adapt	FAD	and	
the	taxonomy	
FAD	 is	 known	 for	 its	 usefulness	 in	 re-design.	 However,	 the	 use	 of	 FAD	 in	 new	 product	
development	has	not	yet	been	discussed.	This	will	involve	studies	of	design	techniques	and	
design	processes.	
ð Methodologies	of	design:	design	techniques	
ð Design	processes:	process	models	
	
Objective	5. Extend	the	application	of	FAD	and	the	design	processes	to	more	system	types	
The	 further	 explore	 the	 FAD	 design	 methods,	 case	 studies	 are	 required	 for	 validating	
feasibility.	This	will	involve	practical	design	activities.	
ð Design	praxeology:	practice	of	design	
If	we	summarised	the	research	categories	and	trajectories	listed	above,	the	research	activities	
involved	 in	 this	 research	 can	 be	 re-classified	 in	 to	 four	 categories	 including	 design	
representations,	 creativity	 in	 engineering	 design,	 engineering	 design	method,	 and	 design	
taxonomy.	 The	 relationships	 between	 research	 objectives,	 engineering	 design	 research	
domains	and	trajectories,	and	re-classified	categories	are	shown	in	Figure	2-5.	Among	these	
re-classified	categories,	design	representations	and	design	 taxonomy	will	be	 introduced	 in	
Chapter	3,	and	the	other	categories	will	be	reviewed	in	the	following	sections.	
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Figure	2-5	Transferring	thesis	research	objectives	to	activities	
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2.4 Engineering	design	method	
While	 engineering	 design	 is	 a	 complex	 activity	 that	 requires	 cross-domain	 knowledge	 to	
support	 activities	 in	 different	 disciplines,	 many	 engineering	 design	 methods	 have	 been	
proposed	to	describe	engineering	design	and	engineering	design	processes.		
Among	all	design	methods,	the	Theory	of	Technical	Systems	(TTS)	proposed	by	Hubka	was	
one	of	the	first	that	tried	to	define	a	whole	picture	of	engineering	design	and	had	become	the	
basis	 of	 Hubka	 &	 Eder’s	 Engineering	 Design	 Science	 (W.	 E.	 Eder,	 2012;	W.	 Ernst	 Eder	 &	
Hosnedl,	2008;	W.	E.	Eder	&	Weber,	2006;	Hubka	&	Eder,	1996;	Weber,	2009).	The	systematic	
approach	 proposed	 by	 Pahl	 and	 Beitz	 (1984)	 is	 another	 comprehensive	 approach	 for	
engineering	design.	Although	Eder	argued	the	systematic	approach	as	only	the	procedural	
model	of	the	Engineering	Design	Science	proposed	by	Hubka	and	Eder,	this	methodology	had	
been	proved	for	its	efficacy	and	applied	as	standard	design	guidelines	by	The	German	Society	
of	Engineers	(VDI)	(Birkhofer,	2011).		
The	Function-Behaviour-Structure	(FBS)	framework	by	Gero	and	the	Concept-Knowledge	(C-
K)	theory	by	Hatchuel	are	two	unique	engineering	design	methods	that	model	engineering	
design	 from	 different	 perspectives	 (Gero,	 1990;	 A.	 Hatchuel	 &	 Weil,	 2003).	 The	 FBS	
framework	 views	design	as	 a	 complex	process	 that	 involves	 complex	 transforms	between	
functions,	behaviours,	and	structures.	The	C-K	theory	describes	design	as	the	development	of	
concepts	and	their	transformation	into	knowledge.		
While	this	research	focuses	on	developing	a	function-based	design	method	that	incorporate	
a	design	knowledge	database	as	its	design	support,	these	four	design	methods	all	contribute	
a	part	of	the	new	design	method.	For	detailed	introduction	to	these	design	methods,	please	
refer	to	the	following	subsections.	
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2.4.1 Theory	of	technical	systems	and	theory	of	design	processes	
In	order	to	describe	common	characteristics	of	existing	engineering	products,	Hubka,	Eder,	
and	Hosnedl	studied	engineering	design	as	Engineering	Design	Science	(EDS),	which	consists	
of	 Theory	 of	 Technical	 Systems	 (TTS),	 Theory	 of	 Design	 Processes	 (TDesP),	 Design	Object	
Knowledge,	and	Design	Process	Knowledge	(W.	Ernst	Eder	&	Hosnedl,	2008;	Hubka	&	Eder,	
1987,	1996),	as	shown	in	Figure	2-3.	Among	these	four	categories,	the	Theory	of	Technical	
Systems	 (TTS)	 and	 the	Theory	of	Design	Processes	 (TDesP)	 are	 two	branches	 that	directly	
related	to	design	method.		
2.4.1.1 Theory	of	technical	systems	
The	theory	of	technical	systems	(TTS)	turns	engineering	design	systems	into	transformation	
systems	 and	 recognises	 technical	 systems	 as	 one	 operator.	 Figure	 2-6	 shows	 the	 general	
model	of	a	transformation	system	defined	by	Hubka	et	al.	 In	this	model,	a	transformation	
system	(TrfS)	is	defined	to	consist	of	transformation	processes	(TrfP),	technologies	(Tg),	and	
a	 set	 of	 operators	 including	 technical	 systems	 (TS),	 living	 operators,	 Information	 and	
knowledge,	 and	Management.	 The	purpose	of	 this	 transformation	 system	 is	 to	 transform	
input	operands	 into	output	operands	 through	operators	by	applying	 suitable	 technologies	
(Tg)	and	following	dedicated	transformation	processes	(TrfP).	The	transformation	may	involve	
multiple	 transformation	 processes	 because	 each	 operator	may	 have	 its	 own	 process	 and	
therefore	all	combinations	of	an	operator	and	its	relating	transformation	process	can	all	be	
recognized	as	complete	transformation	systems.	For	example,	a	technical	system	should	have	
its	operational	process	to	deliver	its	designed	action	and	a	management	system	should	have	
its	 own	 management	 processes	 to	 manage	 various	 systems	 including	 technical	 systems,	
human	resources	as	living	operators,	and	information/knowledge	systems.	
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Figure	2-6	General	model	of	transformation	systems	(adapted	from	W.	E.	Eder,	2012;	and	
W.	Ernst	Eder	&	Hosnedl,	2008)	
According	to	the	general	model	revealed	in	Figure	2-6,	it	can	be	said	that	the	main	purpose	
of	designing	a	transformation	system	is	the	design	of	its	transformation	processes	and	the	
usage	of	technologies	that	are	related	to	the	operators	(W.	E.	Eder,	2012).		
2.4.1.2 General	Procedural	Model	from	the	theory	of	design	processes	
As	a	 reflection	of	 the	 theory	of	 technical	 systems,	Hubka,	Eder,	and	Hosnedl	 (2008;	1996)	
proposed	the	theory	of	design	process	with	a	general	procedural	model	of	the	engineering	
design	process,	as	summarised	 in	Figure	2-7.	The	procedural	model	consists	of	 repeatable	
design	phases	and	stages	but	the	implied	sequence	can	still	be	a	useful	reference	for	designers	
to	follow.	Two	out	of	five	phases	are	design	phases	and	each	design	phase	has	two	or	three	
design	stages	while	the	other	phases	are	set	for	pre-design	preparation	and	manufacturing.		
Phase	0.	Pre-design	preparation	
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This	pre-designing	phase	is	the	starting	point	of	the	engineering	design	process.	The	work	of	
this	phase	includes	analysing	the	design	problem,	decomposing	and	assigning	the	problem	to	
designers.		
Phase	I.	Elaborating	the	assigned	task	
This	phase	is	the	first	design	phase.	The	tasks	of	this	phase	are	to	analyse	the	design	problem	
assigned,	understand	current	designs,	study	feasibility,	confirm	the	requirements	of	technical	
systems,	and	make	a	plan	 for	 the	design	work.	The	deliverables	 to	 the	next	phase	will	be	
design	specification	that	lists	all	design	requirements	and	a	design	plan	to	be	followed.	
Phase	II.	Conceptual	design	–	conceptualising	
The	aim	of	this	phase’s	conceptual	design	 is	to	transform	the	design	specification	 into	the	
form	of	organ	structure,	i.e.	the	structure	of	“approaches	that	can	realise	functions”	(W.	Ernst	
Eder	&	Hosnedl,	2008).	To	accomplish	this	task,	the	designer	needs	to	resolve	two	stages	of	
design	works.	The	first	stage	is	to	establish	the	transformation	process	(TrfP)	and	technologies	
(Tg)	 of	 the	 designing	 transformation	 system.	 Once	 the	 transformation	 process	 and	 the	
technologies	are	confirmed,	the	function	structure	of	the	planned	design	will	be	produced	
accordingly	and	be	delivered	to	the	next	stage.		
At	the	second	stage,	organs	that	are	assigned	to	carry	required	functions	will	be	established	
and	the	basic	arrangement	of	organs	will	be	assigned	to	produce	the	organ	structure.	While	
an	 organ	 is	 a	 function-carrier	 that	 could	 perform	 assigned	 functions,	 designers	 need	 to	
establish	 a	 list	 of	 organs	 with	 the	 help	 of	 morphological	 analysis	 and	 arrange	 their	
combinations	to	create	organ	structures	(with	alternatives)	that	can	be	the	reference	for	the	
embodiment	design	in	the	next	phase.	
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Phase	III.	Laying	out	–	embodying	
At	 this	 phase,	 designers	 will	 need	 to	 transform	 the	 organ	 structures	 into	 constructional	
structures.	The	first	stage	is	to	establish	required	constructional	parts	and	their	arrangement	
into	sketches.	The	designers	will	then	transform	these	constructional	parts	into	dimensional	
layouts	 according	 to	 the	 sketches.	 As	 the	 result,	 a	 set	 of	 constructional	 parts	 and	 their	
alternatives	will	be	the	deliverables	to	the	next	phase.	
Phase	IV.	Detailing	
While	the	last	phase	delivers	dimensional	layouts	of	constructional	parts,	the	major	task	of	
this	phase	will	be	the	assembly	of	these	parts	and	the	transformation	of	their	dimensional	
layouts	into	drawings.	The	detailed	representations	and	description	of	the	designed	product	
will	be	completely	recorded	into	these	drawings	for	prototyping,	testing,	and	manufacturing.	
This	phase	is	the	last	phase	of	design	process	but	all	design	phases	are	repeatable	when	the	
product	requires	further	modifications	and	improvements.	
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Figure	2-7	Eder’s	general	procedural	model	of	engineering	design	process	(W.	Ernst	Eder	&	
Hosnedl,	2008)	
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Phase	V.	Post-design	tasks	
This	 phase,	 varying	 from	 one	 company	 to	 another,	 consists	 of	 many	 activities	 from	
prototyping,	 testing,	correcting,	 to	manufacturing.	 In	 this	phase,	design	prototypes	will	be	
physically	 produced	 for	 a	 small	 quantity	 and	 tested	 for	 their	 functionality,	 reliability,	 and	
quality.	If	something	goes	wrong	in	these	tests,	the	product	may	be	returned	to	the	design	
process	 for	 modifications	 and	 improvements.	 The	 product	 will	 gain	 permission	 for	
manufacturing	once	it	passes	the	tests,	then	it	will	be	formally	manufactured	and	distributed	
to	the	consumers.	
2.4.2 Systematic	approach	
The	systematic	engineering	design	approach	proposed	by	Pahl	and	Beitz	(1984)	is	a	practice-
based	methodology	 for	design	activities	 including	 conceptual	design,	 embodiment	design,	
and	 detailed	 design.	 It	 may	 be	 one	 of	 the	 most	 utilized	 methods	 in	 both	 industry	 and	
education.		
The	systematic	approach	and	Hubka’s	work	were	developed	separately	(W.	E.	Eder,	2012).	
However,	 their	 design	methods	 have	many	 characteristics	 in	 common.	 The	 first	 common	
feature	 is	 that	 they	 all	 incorporate	 functional	 analysis	 within	 their	 design	 processes.	 The	
difference	it	that	TTS	focuses	not	only	functions	but	also	components	and	their	interactions	
at	 the	 concept	 development	 phase	 while	 Pahl’s	 systematic	 focuses	 more	 on	 functions.	
Another	common	feature	is	that	TTS’s	input	operands	for	transformation	systems	and	Pahl’s	
inputs	of	functions	are	almost	the	same.	In	Pahl’s	model,	the	function	of	a	technical	artefact	
is	to	convert	materials,	energy,	and	signals	that	are	similar	to	the	operands	in	Hubka’s	general	
model	 of	 transformation	 systems.	 Furthermore,	 these	 two	 approaches	 are	 both	 process-
oriented	approaches.	As	shown	in	Figure	2-8,	the	process-oriented	approach	tries	to	consider	
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all	 functions	 at	 each	 phase	 while	 the	 problem-oriented	 approach	 considers	 functions	
separately	before	combining	them.	
	
	
Figure	2-8	Process-	and	problem-oriented	design	approaches	(adapted	from	Pahl	et	al.,	
1984,	p.	56)	
The	advantage	of	adapting	the	process-oriented	approach,	i.e.	the	systematic	approach,	in	
design	is	that	designers	will	be	able	to	consider	the	compatibility	between	different	functions.	
When	the	design	task	was	easy	and	no	internal	influence	between	components,	it	would	be	
safe	 to	 adapt	 problem-oriented	 approach.	 However,	 designs	 with	 complicated	 structures	
tend	to	have	higher	levels	of	interrelationships	between	components.	Adapting	the	process-
oriented	approach	will	allow	designers	to	propose	solutions	with	systematic	considerations.	
In	 practice,	 designers	 usually	 combine	 these	 two	 approaches	 together	 but	 experienced	
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designers	 tends	 to	 practice	 process-oriented	 approach	 more	 while	 novices’	 design	
approaches	are	more	problem-oriented	(Dylla,	1991;	Ehrlenspiel	&	Dylla,	1991;	Fricke,	1993;	
Fricke	&	Pahl,	1991	,all	as	cited	in	Pahl	et	al.,	2007,	p.	55).	
2.4.2.1 Pahl’s	model	of	design	process	
It	can	be	said	that	the	design	process	propose	by	Pahl	et	al.	is	one	of	the	most	utilised	models	
in	both	industry	and	education	(Birkhofer,	2011;	Clarkson	&	Eckert,	2005;	Tomiyama	et	al.,	
2009).	As	mentioned	earlier,	Pahl’s	approach	and	Hubka’s	approach	both	consider	function	
structure	as	an	important	element	in	engineering	design.	However,	as	Eder	(2012)	pointed	
out,	Pahl’s	model	recognised	transformation	process	(TrfP)	and	technology	(Tg)	as	only	sub-
elements	of	function	structure	while	Hubka’s	model	separate	TrfP	and	Tg	completely	from	
function	structure.	
Figure	2-9	shows	the	procedural	model	of	Pahl’s	systematic	approach	(Pahl	et	al.,	1984).	While	
this	model	not	only	described	the	design	process	but	also	specifies	details	of	the	activities	to	
be	accomplished	at	each	phase,	and	can	be	categorised	as	a	prescriptive	model	(Cross,	2000).	
Among	these	design	processes,	four	phases	are	considered	to	be	directly	related	to	design:	
Planning	 and	 task	 clarification,	 Conceptual	 design,	 Embodiment	 design	 and	Detail	 design.	
Each	phase	possesses	several	design	tasks	and	is	required	to	produce	deliverables	to	the	next	
phase.	 For	 example,	 the	 first	 phase	 should	 generate	 a	 design	 specification	 that	 lists	 all	
requirements	for	the	conceptual	design	phase	and	the	conceptual	design	phase	should	deliver	
conceptual	solutions	to	the	next	phase.	
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Figure	2-9:	Planning	and	design	process	by	Pahl	and	Beitz	(reproduced	from	Pahl	et	al.,	
1984,	p.	130,	Figure	4.3)	
	 59	
2.4.3 Function-behaviour-structure,	FBS	framework	
The	Function-Behaviour-Structure	(FBS)	framework	was	first	presented	by	Gero	in	1990	(Gero,	
1990).	Gero	analysed	design	as	an	activity	that	transforms	a	set	of	required	functions	 into	
design	descriptions	for	products	that	could	execute	these	functions	but	only	occasionally	that	
functions	can	be	directly	transformed	to	design	description.	He	then	proposed	the	Function-
behaviour-structure	 (FBS)	 framework	 for	 design	 with	 eight	 elementary	 transformations	
between	the	key	terms	of	function,	behaviour,	and	structure.	The	definitions	of	these	terms	
have	evolved	 since	 then	and	 the	 latest	definitions	defined	 function	as	 the	purpose	of	 the	
design,	behaviour	as	attributes	designed	or	expected	to	be	delivered	by	the	structure,	and	
structure	as	the	components	within	the	design	and	their	relationships,	as	shown	in	Table	2-1	
(Gero	&	Kannengiesser,	2007).	
Table	2-1	Comparison	of	FBS	definitions	(Gero	&	Kannengiesser,	2007)	
	 Gero’s	definition	
Function	 What	the	object	is	for	
An	object’s	teleology,	which	is	
largely	domain	dependent.	
Behaviour	 What	the	object	does	
The	attributes	that	can	be	
derived	from	its	structure.	Most	
instances	of	behaviour	are	
domain	dependent.	
Structure	 What	the	object	consists	of	
An	object’s	components	and	
their	relationships.	The	structure	
of	most	objects	can	be	described	
in	terms	of	geometry,	topology,	
and	material.	
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Figure	 2-10	 further	 shows	 the	 eight	 transformations	 of	 the	 FBS	 framework.	 These	 eight	
transformations	are	made	between	functions	F,	expected	behaviour	Be,	structural	behaviour	
Bs,	 structure	 S,	 and	 design	 description	 D.	 The	 definitions	 and	 descriptions	 of	 these	 eight	
transformations	are:	
Formulation:	F	→	Be	
Formulation	is	the	process	of	transforming	functions	into	expected	behaviour	of	the	
structure	that	is	designed	to	deliver	functions.	
Synthesis:	Be→	S	
This	process	transforms	expected	behaviour	into	a	structure	that	could	be	a	design	
solution	for	exhibiting	the	expected	behaviour.	
Analysis:	S	→	Bs	
The	analysis	process	derived	structural	behaviour	 that	 is	exhibited	by	the	designed	
structure.	
Evaluation:	Bs	↔	Be	
This	process	confirms	if	the	actual	behaviour	of	the	designed	structure	are	identical	to	
each	other.	
Documentation:	S	→	D	
Documenting	the	design	structure	for	constructing	and/or	manufacturing	processes.		
Reformulation	1:	S	→	S’,	reformation	2:	S	→	Be’,	and	reformation	3:	S	→	F’	
These	 three	 reformulation	 processes	 aim	 to	 improve	 system	 behaviour	 when	 the	
original	structural	behaviour	is	recognised	unsatisfactory.	
	 61	
The	eight	transformation	processes	of	the	FBS	framework	can	seem	to	be	hard	to	understand.	
However,	the	transformations	between	function,	behaviour,	structure	and	design	description	
can	be	linked	to	both	design	processes	of	TTS	while	function	can	be	the	deliverable	of	task	
elaboration	phase,	behaviour	can	be	formed	during	conceptual	design,	and	structure	can	be	
constitute	during	the	design	embodying	phase	(Howard	et	al.,	2008).		
	
Figure	2-10	FBS	design	transformations,	where	F	represents	functions,	Be	represents	
expected	behaviour,	Bs	represents	structural	behaviour,	S	represents	structure,	and	D	
represents	design	descriptions	(Gero,	1990)	
2.4.4 C-K	Theory	
C-K	theory	is	a	design	theory	that	discusses	the	relationship	between	concept	space	(C)	and	
knowledge	 space	 (K)	 where	 concepts	 in	 C	 are	 relative	 to	 K	 and	 K	 contains	 the	 currently	
available	knowledge.	 It	was	proposed	by	Hatchuel	and	Weil	 (2003)	by	studying	 innovation	
practices	within	R&D	activity	of	 industries	(Armand	Hatchuel,	Le	Masson,	&	Weil,	2001).	 It	
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defines	design	as	a	process	that	concepts	and	knowledge	interact	to	stimulate	each	other’s	
generation	and	transformations	between	concept	space	and	knowledge	space.	As	shown	in	
Figure	2-11,	this	process	can	be	expressed	as	the	design	square	consists	of	four	operators.	
Two	of	the	four	operators	are	internal	operators,	i.e.	operators	within	same	space,	and	the	
other	two	operators	are	external	operators,	i.e.	cross-spatial	operators.		
		
Figure	2-11	C-K	theory:	the	design	square	(adapted	from	A.	Hatchuel	&	Weil,	2003)	
The	four	operators	are:	
External	operator,	K->C:		
This	 operator	 represents	 the	 most	 basic	 activity	 in	 design	 while	 most	 designers	 tend	 to	
generate	design	 concepts	based	on	 their	 knowledge.	 The	 transformation	 from	knowledge	
space	 into	 concept	 spaces	 can	 somehow	 correspond	 to	 the	 activity	 of	 investigating	
alternatives.	 As	 a	 result,	 the	 concept	 space	 is	 expanded	with	 concepts	 transformed	 from	
knowledge	space.	
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Internal	operator	C->C:		
This	operator	describes	 the	 internal	expansion	of	 concept	 space.	After	 the	concepts	were	
transformed	from	knowledge	space,	these	transformed	concepts	can	be	further	expanded	by	
partition	or	inclusion.	This	expansion	is	dependent	on	knowledge	space	while	the	operator	K-
>C	suggests	that	the	concepts	generated	in	concept	space	are	transformed	from	knowledge.	
External	operator	C->K:	
The	operator	shows	the	activity	how	concepts	in	C	space	can	be	transformed	and	added	to	
knowledge	 in	 K	 space.	 It	 is	 related	 to	 classical	 design	 methods	 such	 as	 validation,	
experimentation,	and	prototyping.	This	operator	suggests	that	the	expansion	of	K	space	 is	
triggered	by	expanding	concepts	in	C	space.		
Internal	operator	K->K:	
The	K->K	operator	represents	the	expansion	in	knowledge	space.	This	expansion	of	K	space	
could	be	resulted	 in	self-expansion,	 i.e.	 introducing	new	knowledge	 from	past	experience,	
experimental	results,	or	the	operator	C->K.	
As	Hatchuel	et	al.	(A.	Hatchuel	&	Weil,	2009)	explained,	there	is	no	appointed	sequence	of	
these	four	operators	and	processing	of	these	operators	is	recursive.	As	shown	in	Figure	2-12,	
the	operation	of	design	can	be	started	by	C->K	operator	or	K->C	operator.	With	the	expansion	
within	each	space	and	the	conjunctions	and	disjunctions	between	two	spaces,	it	is	possible	
that	design	could	result	in	new	validated	concepts	in	the	expanded	C	space	and	transformed	
them	into	new	knowledge	in	the	K	space.	
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(a)	C-K	operation	started	from	K->C	operator	
	
(B)	C-K	operation	started	from	C->K	operation	
Figure	2-12	Dynamics	of	C-K	transformations	and	expansions	(adapted	from	A.	Hatchuel	&	
Weil,	2003,	and	2009)	
Eder	(2012)	suggested		C-K	theory’s	validity	in	industrial/artistic	design	and	also	argued	it	can	
suitably	describe	design	engineering.	Indeed,	C-K	theory	lacks	the	detailed	procedural	details	
which	Hubka’s	and	Pahl’s	procedural	models	have.	However,	since	the	design	phases	within	
these	procedural	models	are	repeatable	and	sometimes	have	overlapping	tasks,	it	would	be	
reasonable	 to	have	a	model	without	dedicated	sequential	design	phases.	Furthermore,	as	
Hatchuel	(2003)	addressed,	the	expanding	partitions	of	concepts	within	C	space	can	be	the	
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process	 of	 creativity	 and	 innovation.	 While	 Hubka’s	 and	 Pahl’s	 procedural	 model	 also	
emphasise	 concept	 generation	 at	 the	 early	 stage	 of	 design	 and	 the	 embodiment	 of	 the	
generated	 concepts,	 C-K	 theory	 could	 be	 precise	 in	 explaining	 design	 activities	 from	
conceptual	design,	embodiment	design,	to	detail	design.			
2.4.5 Other	engineering	design	processes	
In	addition	to	above	design	methods,	many	other	researchers	have	also	demonstrated	their	
interpretation	of	engineering	design	via	procedural	models.	These	models	can	be	recognised	
as	 the	embodiment	of	 their	definitions	 for	 the	design	process.	Although	no	model	can	be	
generic	for	every	design	circumstance	and	it	may	be	difficult	to	separate	design	phases	clearly	
(Bahrami	&	Dagli,	1993;	Pahl	et	al.,	1984),	these	models	can	all	have	some	level	of	validity	
(French,	1999),	and	separating	design	processes	into	phases	can	provide	useful	references	for	
designers	to	follow.	Moreover,	as	Howard	et	al.	analysed,	these	models	of	process	all	have	
overlapping	 contexts	 and	 therefore	 it	 is	 possible	 to	 compare	 and	 merge	 them	 together	
(Howard	 et	 al.,	 2008).	 They	 proposed	 a	 ‘generally	 agreed’	 six-phase	 design	 process	 by	
analysing	and	summarising	major	models	including	Hubka’s	procedural	model	of	TTS,	Pahl’s	
systematic	approach,	French’s	process	model	of	design,	Pugh’s	model	of	total	design,	Cross’s	
engineering	design	method	…etc.	
As	listed	in	Table	2-2,	the	six	phases	of	the	‘generally	agreed’	design	process	are	i.	Establishing	
needs,	ii.	Analysis	of	task,	iii.	Conceptual	design,	iv.	Embodiment	design,	v.	Detailed	design,	
and	vi.	Implementation.	It	should	be	noted	that	this	‘generally	agreed’	design	process	is	not	
linear,	each	phase	can	be	repeated	during	design.	The	names	and	context	of	these	phases	are	
not	 special	 cases	 in	 engineering	design	 research.	 It	 can	 even	be	 considered	 that	 they	 are	
identical	 or	 have	 significant	 similarity	 to	 the	 design	 phases	 in	 the	 procedure	 models	
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introduced	above.	This	also	shows	that	although	many	researchers	have	their	own	versions	
of	engineering	design	method,	they	may	all	have	similar	interpretation	of	engineering	design	
process.	
Table	2-2	Engineering	design	process	models	(extracted	from	Howard	et	al.,	2008)	
	
Establishing	
needs	
Analysis	of	
task	
Conceptual	
design	
Embodiment	
design	
Detailed	design	 Implementing	
Hubka	
and	
Eder	
(1987)		
X	
Elaborating		
the	assigned	
task	
Conceptual	
design	–	
conceptualising	
Laying	out	–	
embodying	
Detailing	
Post-design	
tasks	
Pahl	
and	
Beitz	
(1984)	
Task	
Clarification	
of	task	
Conceptual	
design	
Embodiment	
design	
Detailed	design	 X	
French	
(1999)	
Need	
Analysis	of	
problem	
Conceptual	
design	
Embodiment	
of	schemes	
Detailing	 X	
Pugh	
(1991)	
Market	 Specification	 Concept	design	 Detail	design	
Manufacture	
and	sell	
Gero	
(1990)*	
X	 X	
Formulation,	
F->Be	
Synthesis,	
Be->S	
Documentation,	
S->D	
X	
Cross	
(2000)	
X	 Exploration	 Generation	 Evaluation	 Communication	 X	
*Added	by	the	author.	
2.5 Creativity	in	engineering	design	
Although	 early	 discussions	 of	 creativity	 can	be	 traced	back	 to	 pre-Christian	 time,	modern	
research	 on	 creativity	was	 not	 focused	 by	most	 psychology	 researchers	 until	 1950s	while	
Guilford	 pointed	 out	 the	 importance	 of	 creativity	 research	 and	 the	 lack	 of	 it	 among	
psychologists	 (Feist	 &	 Runco,	 1993;	 Guilford,	 1950;	 Rhodes,	 1961;	 Runco	&	 Albert,	 2010;	
Ryhammar	&	Brolin,	 1999).	Guilford	 claimed	 that	 psychologists	 neglected	 the	 research	 of	
creativity	because	only	186	out	of	121,000	articles	listed	in	the	index	of	Psychological	Abstract	
are	related	to	creativity	research	for	the	period	of	23	years	before	1950.	This	number	has	
been	growing	after	Guilford,	for	the	same	23	years	period	between	1967	and	1990,	almost	
	 67	
9000	publications	about	creativity	had	been	added	(Feist	&	Runco,	1993).	On	the	other	hand,	
since	 creativity	 is	 an	 essential	 element	 in	 engineering	 design,	 it	 is	 possible	 to	 benefit	
engineering	design	by	the	outcome	of	creativity	research	(Chaplin,	1989;	Cross,	2000;	French,	
1999;	 Pugh,	 1991;	 Thompson	 &	 Lordan,	 1999).	 In	 fact,	 many	 creativity	 tools	 including	
Brainstorming,	Inversion,	Morphological	analysis,	Synectics	and	Analogy,	and	Check-lists	are	
eligible	 for	 application	 in	 engineering	 design.	 Engineering	 design	 	 can	 also	 benefit	 from	
creativity	theories	such	as	C-K	theory	and	the	FBS	framework.		
In	the	following	subsections,	some	of	the	most	common	creativity	tools,	and	the	theory	and	
creativity	 tools	 that	 are	 the	 basis	 of	 this	 research	 will	 be	 presented	 to	 provide	 some	
knowledge	background	for	the	FAD	design	method.	
2.5.1 Fixation	effect	
Researches	have	shown	that	people’s	ability	to	proposed	creative	solutions	would	be	limited	
if	there	were	past	experiences	and	existing	knowledge	about	the	problem.	This	phenomenon	
of	 failing	 to	 generate	 creative	 solutions	 can	 be	 named	 as	 the	 phenomenon	 of	 functional	
fixedness,	 or	 fixation	 effect	 (Agogue,	 Kazakçi,	Weil,	 &	 Cassotti,	 2011).	 Jansson	 and	 Smith	
(1991)	verified	the	 fixation	effect	 in	design	by	experimenting	engineering	students,	design	
students,	 and	 professional	 engineers.	 The	 experiment	 results	 revealed	 that	 the	 creativity	
performances	of	subjects’	designs	were	highly	bounded	when	design	examples	were	given	to	
them.	Another	research	on	brainstorming	further	pointed	out	that	although	the	number	of	
ideas	generated	was	not	influenced,	the	originality	of	these	ideas	was	affected	by	examples	
(Kohn	&	Smith,	2011).	
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While	the	phenomenon	of	design	concept	fixation	is	caused	by	existing	knowledge,	the	C-K	
theory	proposed	by	Hatchuel	&	Weil	can	be	helpful	for	designers	in	diminishing	or	minimising	
fixation	effect	in	design	(Agogue	et	al.,	2011;	A.	Hatchuel	&	Weil,	2003).		
An	experiment	conducted	by	Agogué	et	al.	(2011)	further	exposed	that	in	design	processes	
following	C-K	theory,	expansive	or	later-introduced	examples	could	prevent	fixation	effects	
and	improve	both	quantity	and	originality	of	 ideas	although	first	 ideas	and	early	examples	
could	block	the	generation	of	creative	ideas.	This	approach	is	an	importance	reference	when	
building	a	design	supporting	database	because	such	a	database	could	result	in	fixation	effect	
and	decrease	the	creativity	of	design	outputs.	
2.5.2 Creativity	methods	and	tools	
Many	engineering	design	researchers	had	included	various	creative	methods	and	tools	into	
their	design	processes	(Cross,	2000;	Dhillon,	2006;	Dixon,	1966;	Hurst,	1999;	Pahl	et	al.,	1984;	
Pugh,	1991;	Thompson	&	Lordan,	1999).	Dixon	(1966)	introduced	Set-breaking	experiences,	
Mid	way	summary	and	preview,	Brainstorming,	 Inversion,	Analogy,	Empathy,	Fantasy,	and	
Systematic	search	for	new	combinations	as	methods	to	improve	engineering	inventiveness.	
Beitz	 et	 al.	 (1984)	 used	 creative	 methods	 such	 as	 approaches	 for	 solution	 finding.	 The	
methods	they	introduced	range	from	conventional	methods,	intuitive	methods,	to	discursive	
method.	Conventional	methods	includes	Information	gathering,	Analysis	of	natural	systems	
(Bio-inspired),	Analysis	of	existing	 technical	 systems,	Analogies,	Measurements	and	model	
tests;	Intuitive	methods	includes	Brainstorming,	Method	635	(developed	from	Brainstorming),	
Gallery	method,	Delphi,	Synectics,	Systematic	study	of	physical	processes,	Systematic	search	
with	the	help	of	classification	schemes	(Morphological	analysis),	Use	of	design	catalogues;	
Discursive	methods	 includes	Morphological	analysis	and	design	catalogues.	Thompson	and	
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Lordan	 (Thompson	&	Lordan,	1999)	also	 included	Brainstorming,	 Synectics	and	 the	use	of	
analogy,	 Morphological	 analysis,	 Brainwriting,	 Check-lists,	 Invitational	 stems,	 and	 wishful	
thinking	into	the	creativity	toolkit	of	engineering	design.	In	fact,	almost	all	engineering	design	
processes	nowadays	are	linked	to	creativity	tools	and	address	the	importance	of	creativity	in	
conceptual	idea	generation.	
To	give	an	 idea	of	what	creative	methods/tools	are	and	how	they	 function	 in	engineering	
design	process,	two	of	the	most	commonly-used	creativity	tools	will	be	introduced	as	follows.	
An	important	creativity	toolkit	named	the	theory	of	inventive	problem	solving	(TRIZ,	acronym	
of	Russian	“Theoria	Resheneyva	Isobretatelskehuh	Zadach”)	will	also	be	introduced	to	further	
explain	the	theoretic	foundation	of	the	FAD	design	method.		
2.5.2.1 Brainstorming	
Brainstorming	 is	 the	 method	 that	 allows	 a	 group	 of	 open-minded	 people	 from	 different	
disciplines	 to	work	 together	on	an	 idea	generation	 task.	 It	was	developed	by	Osborn	who	
aimed	to	stimulate	idea	generation	of	a	group	of	people	for	advertisement	campaigns	(Lehrer,	
2012;	Osborne,	1953).	Osborn	believed	that	idea	generation	through	group	brainstorming	is	
much	more	effective	than	by	individuals.	Two	principles	including	“deferring	judgement”	and	
“quantity	nourishes	quality”	were	proposed	to	ensure	the	successfulness	of	idea	generation.	
Brainstorming	 has	 now	 become	 one	 of	 the	 widest	 used	 creativity	 tools	 and	 many	 other	
creativity	 tools	 including	 Brainwriting,	 Post-it	 Brainstorming,	 and	 Method	 635	 are	 all	
derivatives	of	Brainstorming.	
A	brainstorming	task	force	should	have	5-15	group	members	and	be	organised	by	a	leader.	
The	primary	function	of	the	leader	is	to	deal	with	organisational	issues	such	as	introducing	
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backgrounds	and	goals	of	the	brainstorming	session,	controlling	session	schedules,	and	giving	
some	wild	examples	to	stimulate	ideas.	The	group	members	should	have	different	expertise	
and	should	be	equal	without	hierarchical	structure	to	prevent	conflict	between	superiors	and	
subordinates.		
The	process	of	a	brainstorming	can	be	roughly	summarised	as	follows:	
1. Warm	up:	The	leader	explains	how	a	brainstorming	session	is	proceeded.	The	group	
participants	should	be	informed	that	not	to	judge	during	the	idea	generation	and	the	
idea	of	how	quality	of	ideas	could	be	benefited	by	quantity.	
2. Problem	announcement	and	explanation:	The	leader	announces	the	problem	of	the	
brainstorming	session	and	explains	the	context	of	the	subject.	
3. Idea	 generation:	 Participants	 starts	 to	 generate	 ideas	 freely	 and	write	down	 these	
ideas.	
4. Idea	presentation:	Generated	ideas	are	presented	to	all	members	and	recorded	
5. Idea	elaboration:	When	the	time	is	up,	the	leader	sums	up	all	generated	ideas	and	ask	
for	elaboration	and	discussion	
6. Idea	filtration:	Preliminarily	neglect	ideas	that	are	obviously	unpractical.	
7. End	of	session:	The	leader	summarises	the	results	of	the	brainstorming	session	
The	 above	 process	 is	 only	 to	 present	 the	 rough	 idea	 of	 how	 a	 brainstorming	 session	 is	
conducted.	 In	 fact,	 a	 brainstorming	 session	 can	 be	 more	 than	 a	 one-way	 process	 but	 a	
regression	that	repeats	some	processes.	However,	despite	the	process	may	vary	from	one	
session	to	another,	the	following	four	rules	should	be	applied	to	all	brainstorming	sessions	in	
order	to	ensure	a	successful	brainstorming	session:	
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1. Quantity	of	ideas	brings	high	quality	ideas	
2. No	criticism	or	judgement	for	any	ideas	
3. Generation	of	unusual	ideas	is	encouraged	
4. Combination	and	improvements	of	ideas	are	welcomed	
There	 are	 some	 drawbacks	 of	 utilising	 brainstorming	 as	 an	 idea	 generation	method.	 For	
example,	participants	may	forget	their	ideas	when	others	are	presenting	their	ideas.	Fixation	
effect	may	also	occur	when	one	participant	hear	another	participant’s	idea	(Kohn	&	Smith,	
2011).	 However,	 many	 improvements	 and	 techniques	 have	 been	 proposed	 to	 help	
brainstorming	practitioner	to	overcome	these	possible	drawbacks.	For	example,	Brainwriting	
asks	each	participant	to	write	down	all	 idea	generated	individually	during	the	session	on	a	
piece	of	paper	anonymously	to	prevent	judgement	and	fixation.	As	a	similar	approach,	Post-
it	Note	 Brainstorming	 requires	 each	 idea	 to	 be	 recorded	 on	 a	 piece	 of	 post-it	 to	 prevent	
fixation	at	 the	earlier	 stage	but	also	allows	 idea	 trigger	by	selecting	and	showing	valuable	
ideas	at	 the	 later	stage.	With	these	variations,	drawbacks	can	be	overcome	and	therefore	
Brainstorming	is	still	one	of	the	most	popular	creative	method.	
2.5.2.2 Morphological	analysis	
Morphological	 analysis	 is	 a	 method	 that	 divides	 problems	 into	 sub-functions,	 generates	
alternative	 suggestions	 of	 these	 sub-functions,	 and	 therefore	 engineering	 designers	 can	
produce	 possible	 solutions	 to	 the	 problem	with	 this	 division.	 It	 has	 been	 widely	 used	 in	
engineering	 design	 as	 a	 useful	 tool	 in	 assisting	 improvements	 generation.	 The	 method,	
described	as	“systematic	search	with	the	help	of	classification	schemes”	by	Pahl	and	Beitz	
(1984)	and	a	method	“to	widen	the	search	of	possible	new	solutions”	by	Cross	(2000),	was	
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developed	by	Zwicky	(1948)	for	problem	solvers	who	wish	to	investigate	all	possible	solutions	
in	a	multi-dimensional	manner	for	non-quantifiable	problems	(Ritchey,	1998).		
Tasks	 of	morphological	 analysis	 are	 usually	 accomplished	with	 the	 help	 of	morphological	
matrices,	as	illustrated	in	Figure	2-13.	The	functions	required	solutions	are	listed	in	row,	and	
the	 ideas	 generated	 can	 be	 filled	 in	 accordingly.	 Two	 difficulties	 raised	 here	 for	 the	
engineering	designs.	The	first	one	is	the	search	of	classifying	criteria	(Pahl	et	al.,	1984).	While	
classification	of	functions	may	affect	the	result	of	idea	generation,	Pahl	et	al.	suggested	that	
engineering	designers	should	cautious	when	building	classifications	and	these	classifications	
should	be	 as	 comprehensive	 as	 possible.	Different	 classification	 criteria	 should	be	 chosen	
according	to	the	characteristics	of	the	design	problem.	
	
Figure	2-13	Morphological	matrix	
The	 other	 difficulty	 is	 to	 select	 best/better	 ideas	 (Thompson	&	 Lordan,	 1999).	While	 the	
classification	of	functions	is	going	down	to	the	most	detailed	level,	it	is	highly	possible	that	a	
huge	amount	of	ideas	will	be	generated.	This	would	be	difficult	for	engineering	designers	to	
evaluate	 and	 select	 ideas	 for	 their	 design	 problems.	 Fortunately,	 there	 are	 selection	 and	
evaluation	methods	available	that	could	assist	engineering	designers	in	idea	evaluation	and	
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decision-making.	It	would	be	easier	for	engineering	designers	to	choose	the	solutions	that	are	
most/more	promising.	
2.5.2.3 Theory	of	inventive	problem	solving,	TRIZ	
The	 theory	 of	 inventive	 problem	 solving	 (TRIZ,	 acronym	 of	 Russian	 “Theoria	 Resheneyva	
Isobretatelskehuh	Zadach”)	is	sometimes	identified	as	the	only	tool	that	can	help	engineering	
designers	 at	 the	 concept-solution	 location	 and	 problem	 solving	 stage	 (Gadd,	 2011).	 The	
founder	Genrich	Altshuller	(1926-1998)	developed	TRIZ	according	to	the	principles	analysed	
and	 characterised	 from	 thousands	 of	 patents.	 While	 TRIZ	 has	 been	 practiced	 by	 many	
inventors	and	designers,	it	has	been	identified	that	TRIZ	can	help	its	users	to	avoid	“trial	and	
error”	by	 employing	 systematic	 idea	 generation	 and	problem	 solving	methods	 (Altshuller,	
1984;	Khomenko	&	Ashtiani,	2007;	Savransky,	2000).	
The	notion	of	 TRIZ	 comes	 from	 the	 idea	of	 contradiction.	Altshuller	 assumed	engineering	
systems	 evolve	 on	 the	 same	 rule,	 i.e.	 engineering	 systems	 evolve	 by	 eliminating	
contradictions.	 These	 elimination	 approaches	 can	 be	 summarised	 as	 the	 principles	 of	
engineering	design	regardless	what	domains	these	approaches	are.	On	the	other	hand,	it	is	
possible	 to	 interpret	 any	 inventive	 problem	 as	 a	 series	 of	 contradictions	 between	 new	
requirements	and	original	or	premature	system	configuration.	Therefore,	Altshuller	believed	
solutions	 for	 inventive	 problems	 are	 actually	 solutions	 for	 contradictions	 and	 these	 new	
solutions	are	already	available	within	pre-existing	solutions.	Furthermore,	because	these	pre-
existing	solutions	may	come	from	other	domains,	applying	these	solutions	can	be	considered	
as	 introducing	 cross-domain	 knowledge.	 This,	 according	 to	 Altshuller,	 can	 encourage	
designers	to	propose	solutions	that	belong	to	higher	level	of	innovation.	
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a. Levels	of	innovation	
After	analysing	thousands	of	patents	for	engineering	problem	solutions,	Altshuller	realised	
that	 inventions	have	different	 level	of	 inventive	value.	He	defined	a	 five-level	 category	 to	
categorise	 these	 inventions	 according	 to	 the	 inventiveness	 disclosed	 by	 the	 patents	
(Altshuller,	1984;	Altshuller	et	al.,	1997;	Gadd,	2011).	These	five	levels	are:	
Level	1:	Rationalisation		
Level	 1	 invention	 utilises	 only	 knowledge	 available	 within	 the	 technical	 system	 to	
improve	the	system’s	problem	in	a	simple	approach.	For	example,	increase	the	size	of	
the	 luggage,	 i.e.	 a	 bigger	 luggage,	 to	 have	 more	 space	 inside	 can	 be	 a	 level	 one	
solution.	32%	of	inventions	that	Altshuller	analysed	are	Level	1.	However,	this	level	is	
not	 recognised	 as	 innovative	 since	 inventions	 in	 this	 level	 are	 only	 improvements	
without	solutions	of	contradictory	issues.	
Level	2:	Modernisation	
An	 improvement	 includes	 at	 least	 one	 solution	 that	 utilises	 knowledge	 from	other	
areas	in	the	related	industry.	For	example,	foldable	luggage	can	be	a	level	2	solution	
because	it	could	provide	more	space	inside	but	it	can	also	be	small	when	it	is	not	in	
use.	Level	2	inventions	can	be	considered	as	creative	since	new	ideas	are	introduced	
and	sometimes	contradictions	can	be	solved	by	a	level	2	invention.	45%	of	all	analysed	
patents	are	level	2.	
Level	3:	Principle	
An	invention	solves	an	issue	with	knowledge	from	other	industries	that	are	less	related	
to	the	inventive	problem.	Using	additive	manufacturing	technology,	i.e.	3-D	printing,	
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to	make	food	can	be	a	level	3	invention.	This	level	requires	higher	degrees	of	creativity	
to	adapt	knowledge	from	a	different	field.	Approximately	18%	of	the	patents	analysed	
are	level	3	inventions.	
Level	4:	Synthesis	
Developing	a	new	technology	 for	 solutions	 that	 contains	knowledge	 from	different	
areas	of	science.	Adapting	Liquid	Crystal	Displays	(LCD)	to	replace	the	old	Cathode	ray	
tube	(CRT)	displays	can	be	a	level	4	invention.	A	level	4	invention	can	be	considered	
as	a	breakthrough	and	only	4%	of	inventions	are	inventive	enough	to	be	in	this	level.	
Level	5:	Discovery	
A	breakthrough	of	science	as	new	phenomenon	is	discovered	that	elevates	technical	
inventions	and	solutions	to	a	higher	level.	The	discovery	of	X-ray	can	be	recognised	as	
a	level	5	invention.	No	more	than	1%	of	inventions	analysed	can	be	categorised	in	this	
level.	
Creativity	tools,	such	as	brainstorming,	have	been	developed	to	help	designers	to	think	more	
creatively.	 However,	 these	 techniques	 are	 more	 useful	 for	 level	 1	 and	 level	 2	 inventive	
problems	 because	 generated	 solutions	 may	 still	 be	 limited	 by	 user’s	 knowledge	 and	
experience	(Gadd,	2011).	If	a	company	or	an	engineer	would	like	to	explore	innovative	ideas	
at	 the	 higher	 level,	 TRIZ	 can	 be	 particular	 useful	 in	 generating	 level-three	 inventions	 and	
provides	possibilities	for	higher	level	solutions.	As	shown	in	Figure	2-14,	TRIZ	can	benefit	firms	
or	 individuals	 with	 three	 times	 the	 level	 of	 higher	 benefit	 and	 feasibility	 ideas	 than	
brainstorming	for	the	same	number	of	generated	ideas	(Gadd,	2011).	Furthermore,	research	
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has	also	showed	that	the	combining	use	of	TRIZ	and	brainstorming	can	contribute	to	an	easier	
inventive	approach	that	generates	creative	solutions	(Campbell,	2003;	Nakamura,	2001).	
	
Figure	2-14	Benefit	and	feasibility	analysis	of	ideas	generated	by	TRIZ	and	brainstorm	
(adapted	from	Gadd,	2011)	
b. Contradiction	
Contradiction	 is	 the	 central	 of	 TRIZ	 philosophy.	 It	 is	 the	 issue	 that	 designers	 encounter	
frequently	 therefore	 design	 compromises	 are	 usually	 inevitable	 in	 engineering	 design	
practices	(Hurst,	1999).	Studies	have	shown	that	many	new	designs	are	simply	redesigns	that	
compensate	inadequacies	in	previous	designs	(Cross,	2000;	D.	G	Ullman,	1992).	In	order	to	
achieve	higher	level	of	inventiveness,	it	is	important	to	solve	contradictions	instead	of	simply	
compromising	or	compensating	them.	
A	contradiction	in	design	can	be	recognised	as	the	phenomenon	that	negative	side	effects	
arise	after	new	solutions	such	as	new	technologies	and	new	materials	are	implemented	into	
new	designs.	In	the	past	these	contradictions	are	usually	solved	by	“trial	and	error”	methods	
after	 a	 long	 test	 of	 possible	 solutions	 or	 even	 avoided	 because	 some	products	may	 have	
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shorter	lifetimes	that	will	not	be	sufficient	for	the	time	consuming	problem	solving	processes	
(Altshuller,	1984;	Royzen,	1997).			
There	are	two	types	of	contradiction:	Technical	contradiction	and	Physical	contradiction	
1. Technical	contradiction	
Technical	 contradiction	happens	when	something	undesired	occurred	after	 improvements	
are	 done.	 Figure	 2-15	 shows	 that	 designers	 can	 only	 decide	 how	 to	 compromise	 while	
improving	 one	 parameter	 will	 result	 in	 worsening	 another,	 i.e.	 having	 a	 technical	
contradiction.	For	example,	if	we	increase	the	fan	speed	to	improve	the	ventilation	and	indoor	
air	quality,	the	increased	operating	noise	of	the	fan	may	be	the	undesirable	side	effect.	With	
the	 help	 from	 TRIZ	 tools	 such	 as	 Contradiction	Matrix	 and	 Inventive	 Principles,	 it	 is	 then	
possible	for	designers	to	overcome	such	a	contradiction	and	achieve	an	ideal	solution.	
	
Figure	2-15	TRIZ	can	be	used	to	solve	a	contradiction	and	avoid	a	compromise	(adapted	
from	Gadd,	2011;	Mann,	2000)	
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2. Physical	contradiction	
Physical	 contradiction	 appears	 when	 designers	 try	 to	 implement	 two	 solutions	 that	 are	
physically	opposite	at	the	same.	For	example,	it	may	be	problematic	for	designers	to	design	a	
tripod	that	is	long	enough	for	a	1.88	m	tall	95	percentile	male,	photographer	but	also	short	
enough	to	pack	it	in	a	small	bag.	Another	example	is	that,	we	always	want	a	coffee	cup	to	
keep	our	coffee	hot	but	also	to	be	held	in	our	hands.	In	order	to	help	designers	to	deal	with	
physical	contradictions,	TRIZ	provides	a	set	of	useful	tools	including	Inventive	Principles	and	
Separation	Principles	to	help	engineers	to	overcome	these	contradictory	situations.	
c. TRIZ	toolkits	
In	order	to	help	designers	to	generate	novel	ideas	in	inventive	problem	solving,	TRIZ	provides	
several	 tools	 such	 as	 Inventive	 Principles,	 Contradiction	 Matrix,	 Separation	 Principles,	
Functional	Analysis,	and	Standard	Solutions.		
• Inventive	principles	
After	studying	and	analysing	the	context	of	thousands	of	patents,	Altshuller	realised	that	the	
solutions	 revealed	 in	 patents	 possess	 certain	 common	 rules.	 40	 solution	 concepts	 were	
extracted	 from	over	 50,000	 patents	 and	 these	 concepts	 then	 became	 known	 as	 the	 TRIZ	
Inventive	Principles	(Altshuller	et	al.,	1997).	This	40	inventive	principles	continues	to	be	valid	
in	problem	solving	because	patents	up	to	date	still	follow	these	principles	(Gadd,	2011).	Table	
2-3	shows	the	40	inventive	principles	proposed	by	Altshuller.	As	will	be	introduced	later,	the	
TRIZ	inventive	principles	are	the	major	reference	of	TRIZ	contradiction	matrix	for	designers	in	
solving	 technical	 design	 conflicts.	 For	 detail	 definition	 of	 each	 principle,	 please	 refer	 to	
Appendix	II.	
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Table	2-3	TRIZ	Inventive	principles	(adapted	from	Altshuller	et	al.,	1997)	
	
1 Segmantation
2 Taking	out,	Extraction,	Separation,	Removal,	Segregation
3 Local	quality
4 Asymmetry
5 Merging,	Combining,	Integration
6 Universality,	Multi-functionality
7 Nested	doll
8 Anti-weight,	Counterweight,	Levitation
9 Prior	counteraction,	Preliminary	anti-action
10 Prior	action
11 Cushion	in	advance,	compensate	before
12 Equipotentiality,	remove	stress
13 The	other	way	round,	Inversion
14 Spheroidality	-	Curvature
15 Dynamics,	Optimisation
16 Partial	or	excessive	action
17 Another	dimension
18 Mechanical	vibration/oscillation
19 Periodic	action
20 Continuity	of	a	useful	action
21 Rushing	through
22 Blessing	in	disguise,	converting	harm	into	benefit
23 Feedback
24 Intermediary,	Mediator
25 Self-service
26 Copying
27 Cheap	short-living	objects
28 Replace	mechanical	system
29 Pnumatics	and	hydraulics
30 Flexible	membranes	or	thin	film
31 Porous	materials
32 Colour	change
33 Homogeneity
34 Discarding	and	recovering,	Rejection	and	regeneration
35 Parameter	change,	Transform	the	physical	and	chemical	states	of	an	object
36 Phase	transition
37 Thermal	expansion
38 Accelerate	oxidation
39 Inert	environment	or	atmosphere
40 Composite	materials
Inventive	Principles
	 80	
• Contradiction	matrix	
The	 contradiction	matrix	 is	proposed	 for	 solving	 technical	 contradictions.	 It	 consists	of	39	
technical	 parameters,	 their	 conflicting	 relationships,	 and	 40	 inventive	 principles.	 Like	
inventive	principles,	the	TRIZ	39	technical	parameters	are	also	the	result	of	patent	analysis.	
As	 listed	 in	Table	2-4,	 these	39	 technical	parameters	 range	 from	simple	 ideas	 to	 complex	
functions.	Altshuller	 intended	 to	describe	all	engineering	problems	with	 these	parameters	
and	solve	these	problems	with	the	contradiction	matrix.	
Table	2-4	TRIZ	39	Technical	Parameters	(adapted	from	Altshuller	et	al.,	1997)	
	
The	TRIZ	contradiction	matrix	is	maybe	the	best-known	TRIZ	tool.	This	39x39	matrix	comprises	
two	elements	of	 TRIZ:	39	 technical	parameters	as	 the	axis	 and	40	 inventive	principles.	As	
shown	 in	Figure	2-16,	 it	 is	possible	 for	a	designer	 to	match	 the	conflicting	 issue	 to	 the	39	
	 81	
defined	features	when	a	design	conflict	is	encountered.	For	example,	for	a	contradictory	issue	
that	when	the	parameter	“speed”	is	worsened	by	improving	“Weight	of	moving	object,”	it	is	
easy	to	find	the	suggested	inventive	principles	such	as	No.	2	“Taking	out,”	No.	8	“Anti-weight,”	
No.	15	“Dynamics,”	and	No.	38	“Accelerate	oxidation”	for	the	problem	solver.	This	makes	the	
contradiction	 matrix	 particularly	 useful	 in	 solving	 technical	 contradictions.	 However,	 for	
physical	 contradictions,	 i.e.	 the	 grey	 areas	 in	 the	 matrix,	 it	 is	 not	 possible	 to	 locate	 any	
inventive	principles	 in	 the	matrix.	When	encountering	 this	 type	of	physical	contradictions,	
designers	 should	 utilise	 another	 TRIZ	 tool	 –	 separation	 principles.	 For	 the	 complete	 TRIZ	
contradiction	matrix,	please	refer	to	Appendix	II.	
	
Figure	2-16:	Contradiction	matrix	(Partial)	(adapted	from	Altshuller	et	al.,	1997)	
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• Separation	principles	
Separation	principles	are	developed	to	solve	physical	contradictions.	As	described	earlier,	it	
is	not	possible	to	find	suggested	solution	in	contradiction	matrix.	It	is	then	suggested	to	utilise	
separation	principles	to	locate	possible	inventive	principles	in	the	problem	solving	task.	There	
are	four	types	of	separation:	separation	in	space,	separation	in	time,	separation	on	condition,	
and	separation	by	system.		
Separation	in	space:	separate	different	solutions	into	different	places.	The	issue	of	the	coffee	
cup	mentioned	earlier	can	be	solved	by	this	principle.	For	example,	a	vacuum	cup	or	flask	can	
prevent	heat	 transfer	 from	the	high-temperature	 inside	 to	outside.	 It	 can	keep	 the	coffee	
warm	and	makes	us	feel	comfortable	when	holding	the	cup	or	flask.	This	utilizes	the	principle	
#1:	segmentation	and	#40:	composite	materials	out	of	the	40	principles	to	create	a	three-
layer	heat	insulation	cup	or	flask.	
Separation	in	time:	separate	different	solutions	by	time.	One	solution	per	time.	The	issue	of	
a	tripod	can	be	solved	easily	by	this	method.	The	folding	function	of	tripod	makes	it	possible	
to	change	its	length	from	one	time	to	another.	This	solution	uses	the	segmentation	principle	
out	of	the	40	principles.	In	fact,	most	tripods	in	the	market	are	designed	with	this	principle.	
Separation	on	condition:	divide	opposite	solutions	by	different	elements	in	the	same	place	
and	at	the	same	time.	One	of	the	examples	is	the	working	principle	of	a	one-way	mirror.	This	
one-way	mirror	allows	people	at	one	side	but	forbids	people	at	another	side	to	see	through	
it.	Two	opposite	conditions	are	applied	in	the	same	place	and	at	the	same	time.	
Separation	by	system:	overcome	contradictions	by	changing	the	scale	of	the	system,	use	the	
opposite	system,	or	switch	to	another	system.	For	example,	a	rope	consists	of	strands	can	
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resist	tension	much	more	than	a	single	strand.	However,	a	strand	is	much	more	flexible	than	
a	rope.	This	reveals	that	if	the	scale	of	a	system	is	changed,	its	characteristics	will	also	change.	
Thus	they	can	be	useful	for	different	requirements.	Another	example	is	that	 if	we	want	to	
increase	the	luminance	of	the	room	without	increasing	electricity	consumption,	it	would	be	
possible	by	exchanging	traditional	lamps	with	LED	lamps.	This	would	be	more	reasonable	than	
spending	time	and	resources	on	improving	the	efficiency	of	traditional	lamps.	
It	is	sometimes	possible	to	utilise	different	principles	on	the	same	problem	to	create	various	
solutions.	 A	 famous	 practice	 of	 separation	 principle	 is	 the	 design	 of	 3-D	movie	 systems.	
Polarization	systems	utilize	the	principle	of	separation	on	condition	and	Eclipse	systems	are	
the	application	of	the	principle	of	the	separation	in	time	by	using	shutter	glasses.	These	two	
systems,	utilising	different	separation	principles,	allow	their	users	to	create	similar	3-D	visual	
effects	in	their	minds.	
Each	of	these	separation	principles	is	provided	with	related	inventive	principles,	as	shown	in		
Table	 2-5.	 TRIZ	 users	 are	 advised	 to	 use	 this	 table	 in	 order	 to	 locate	 suitable	 inventive	
principles	for	their	physically	contradicted	design	issues.	
Table	2-5	Relationship	between	separation	principles	and	TRIZ	inventive	principles	(adapted	
from	Gadd,	2011)	
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• Substance-Field	Analysis	
Substance-Field	analysis	(or	Su-Field	analysis)	is	a	method	that	models	problems	of	systems.	
Altshuller	 recognised	 it	 as	 “the	minimum	 technical	 system”	 (Altshuller,	 1984).	 In	 Su-Field	
analysis,	desired	functions	or	design	problems	are	modelled	as	two	substances	and	a	field	
between	them.	As	shown	in	Figure	2-17	(a),	a	Su-Field	model	represents	the	function	with	a	
triangle	of	three	entities.	The	two	entities	on	the	bottom	represent	substances	S1	and	S2	and	
the	entities	on	the	top	represent	field	F.	The	arrow	between	S1	and	S2	shows	the	direction	of	
the	 field.	 Therefore,	 the	 Su-Field	 model	 shows	 the	 function	 that	 substance	 S2	 acts	 on	
substance	S1	through	the	field	F.		
In	 the	 Su-Field	 model,	 the	 substances	 can	 be	 the	 whole	 system,	 subsystem,	 objects	 or	
components	in	a	system.	The	field	represent	the	energy	source	such	as	mechanical,	thermal,	
chemical,	electrical,	magnetic,	and	electro-magnetic	actions.	The	arrow	represents	the	type	
of	action.	The	solid	arrow	in	Figure	2-17	(a)	shows	that	the	system	is	an	effective	system.	The	
dashed	arrow	in	Figure	2-17	(b)	shows	that	the	system	is	insufficient	in	achieving	its	function.	
As	for	the	red,	curved	arrow	in	Figure	2-17	(c),	it	shows	a	system	with	a	harmful	action.	While	
the	effective	system	is	the	goal	of	design	and	problem	solving,	the	insufficient	system	and	the	
harmful	system	require	improvements.	
The	Su-Field	analysis	is	a	powerful	tool	because	it	allows	designers	to	focus	on	the	point	where	
design	or	 problem	 solving	 is	 needed	without	 confusing	because	unrelated	 substances	 are	
eliminated	(Gadd,	2011).	However,	the	structure	of	the	Su-Field	model	represents	only	the	
focused	 issue	 and	may	 restrict	 system-wide	 thinking	 so	 that	 undesirable	 side-effect	 may	
appear.	As	the	improvement,	Functional	Analysis	Diagram	(FAD),	which	will	be	introduced	in	
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Chapter	 3,	 is	 proposed	 to	 provide	 a	 tool	 that	 helps	 designers	 to	 think	 system-wide	while	
looking	for	solutions.	
	
	
(a)	effective	system	
	
(b)	insufficient	system	
	
(c)	harmful	system	
Figure	2-17	Substance-Field	models	
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• 76	standard	solutions	
TRIZ	76	standard	solutions	were	proposed	to	assist	problem	solving	with	the	Su-Field	analysis	
by	the	TRIZ	inventor	Altshuller	and	his	associates	between	1975	and	1985	(Altshuller,	Altov,	
&	 Shulyak,	 1996;	 Terninko,	Domb,	&	Miller,	 2000).	While	 the	 76	 standard	 solutions	were	
recognised	helpful	for	level	3	invention,	applying	them	in	design	can	significantly	improve	the	
inventiveness	of	the	design	outcome	(Gasanov,	Gochman,	Yefimochkin,	Kokin,	&	Sopelnyak,	
1995;	as	cited	in	Terninko	et	al.,	2000).	
The	76	standard	solutions	can	be	divided	into	five	categories	according	to	their	relationship	
to	Su-Field	models	and	the	inventive	problems	(Gadd,	2011;	Terninko	et	al.,	2000):	
Category	1:	Improve	the	system	by	modifying	current	Su-Field	models,	13	solutions	
Category	2:	Improving	the	system	by	developing	new	Su-Field	models,	23	solutions	
Category	3:	System	transitions	and	evolution	to	super-system	or	micro-system,	6	solutions	
Category	4:	Standards	for	detection	and	measurement	systems,	17	solutions	
Category	5:	Strategies	for	applying	standards,	17	solutions	
These	 standard	 solutions,	with	 the	 use	 if	 Su-Field	 analysis,	 are	 claimed	 as	 useful	 tool	 for	
inventive	problem	solving	(Gadd,	2011;	Miller,	Domb,	Macgran,	&	Terninko,	2001;	Terninko	
et	 al.,	 2000).	 However,	 it	 requires	 a	 long	 chapter	 to	 explain	 the	 details	 of	 the	 standard	
solutions.	Not	to	say	the	long	leaning	time	for	designers	to	understand	how	to	utilised	Su-
Field	analysis	with	the	76	standard	solutions.	While	the	Su-Field	analysis	is	substituted	by	FAD,	
the	76	 standard	 solutions	 are	 also	 re-arranged	 for	 FAD.	As	will	 be	 introduced	 in	 the	next	
chapter,	 since	 FAD	 provides	 a	 more	 intuitive	 representation	 for	 function-based	 problem	
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solving,	the	re-arranged	76	standard	solutions	are	also	becoming	more	intuitive	and	easier	to	
understand.		
2.6 Chapter	summary	
Engineering	design	definitions,	 classifications,	methods,	 and	 creativity,	 are	 the	 four	major	
topic	introduced	in	this	chapter.	
Engineering	design	definitions	keep	evolving	with	many	definitions	having	been	proposed.	
While	many	of	these	definitions	state	that	the	role	of	engineering	design	is	cross-disciplinary,	
it	 is	more	 than	 just	 an	 engineering-related	 activity	 but	 also	 has	 great	 social	 implications.		
Recently,	 the	notion	of	design	 thinking	also	brings	 the	 idea	of	human-centred	design	 into	
engineering	design.	 It	had	made	engineering	design	an	even	broader	subject	that	 involves	
almost	every	aspect	of	design.	
For	 engineering	 design	 classifications,	 four	 characteristics	 that	 a	 reasonable	 classification	
should	possess	have	been	summarised	and	the	one	that	meets	all	four	characteristics	is	the	
classification	 proposed	 by	 Horváth.	 It	 has	 three	 flow	 classes,	 nine	 categories,	 thirty-four	
research	domains,	and	many	research	trajectories.	Among	them,	eleven	research	domains	
and	fifteen	research	trajectories	are	related	to	the	research	objectives	summarised	in	Chapter	
1.	 As	 the	 result	 of	 re-classification,	 these	 domains	 and	 trajectories	 became	 four	 research	
categories	 including	 design	 representations,	 creativity	 in	 engineering	 design,	 engineering	
design	method,	and	design	taxonomy.	
For	engineering	design	methods,	four	major	design	methods	have	been	introduced.	Among	
them,	Hubka	and	Eder	claimed	their	method	as	Theory	of	Technical	Systems,	which	was	later	
employed	as	a	part	of	Engineering	Design	Science.	Systematic	Approach	proposed	by	Pahl	et	
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al.	may	be	the	most	widely	used	method.	It	is	consistent	with	standard	design	guidance	of	the	
German	Society	of	Engineer	and	is	broadly	used	by	industry.	Gero’s	FBS	framework	provides	
another	view	of	engineering	with	its	unique	transformations	between	function,	behaviour,	
and	structure.	C-K	theory	focuses	on	the	concept	development	and	knowledge	accumulation	
during	the	design	process.	Although	it	lacks	a	detailed	procedural	model	of	design,	it	could	be	
used	 to	 explain	 why	 the	 design	 phases	 are	 actually	 repeating	 and	 introduce	 creativity	 in	
conceptual	design	phase.		
For	 Creativity	 in	 engineering	 design,	 creativity	 tools	 related	 to	 this	 research	 including	
brainstorming,	morphological	analysis,	and	TRIZ	were	presented.	Fixation	effect,	which	is	a	
phenomenon	that	creativity	 is	 limited	because	of	prior	examples,	was	discussed	due	to	 its	
relevance	with	the	use	of	design	taxonomies.	TRIZ	Su-Field	analysis	and	76	standard	solutions	
ware	also	introduced	for	their	relationship	with	functional	analysis,	as	will	be	introduced	in	
the	next	chapter.	
	 			
	
Chapter	3 Engineering	Design	Research	II:	Representation	and	Taxonomy	
3.1 Engineering	design	representations	
Engineering	 design	 representation,	 or	 engineering	 design	modelling,	 is	 the	 interface	 that	
allows	 designers	 to	 demonstrate	 their	 design	 ideas	 without	 actually	 making	 physical	
prototypes.	The	study	of	engineering	design	representation	is	an	essential	part	of	engineering	
design	methodology	research	(Subrahmanian	et	al.,	1993).	While	many	design	methodologies	
have	 been	 proposed	 and	 requirements	 of	 representation	 differ	 from	one	 design	 stage	 to	
another,	many	different	 types	of	engineering	design	 representation	are	available	 to	 serve	
different	methodologies	at	different	design	stages.		
Aurisicchio	et	al.	 (Aurisicchio,	Bracewell,	&	Armstrong,	2013)	classified	them	as	qualitative	
and	 quantitative	 representations.	 Quantitative	 representations,	 such	 as	 computer-aided	
design	(CAD)	models,	computational	fluid	dynamics	(CFD)	models,	and	finite	element	analysis	
(FEA)	models,	focus	more	on	the	embodiment	and/or	detail	design	stages	of	a	design	process	
and	have	proved	useful	 in	design.	On	the	other	hand,	qualitative	representations,	 such	as	
functional	reasoning	representations,	are	often	utilised	at	the	earlier,	conceptual	design	stage.		
Owen	and	Horváth	 (2002)	 categorised	 representations	 into	 five	 classes	 according	 to	 their	
forms,	as	shown	in	Table	3-1.	The	five	classes,	include	different	type	of	representations	such	
as	 sketches,	 decision	 tables,	 customer	 requirements,	 CAD	 models,	 and	 mathematical	
equations,	were	further	analysed	for	their	roles	in	engineering	design	by	Chandrasegaran	et	
al.	 (2013).	 As	 represented	 in	 Figure	 3-1,	 representations	 for	 conceptual	 design	 stage	 are	
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mostly	 linguistic	 and	 pictorial.	 When	 it	 comes	 to	 the	 embodiment	 design	 stage,	
representations	tend	to	be	pictorial,	symbolic,	and	algorithmic.	For	the	detailed	design	stage,	
representations	are	mostly	virtual	representations.		
Table	3-1	Five	classes	of	knowledge	representations	in	engineering	design	(adapted	from	
Owen	&	Horváth,	2002)	
Pictorial	 Symbolic	 Linguistic	 Virtual	 Algorithmic	
Sketches,	
Detailed	drawings,	
Charts,	
Photographs,	
CAD	model	views	
Decision	tables,	
Production	rules,	
Flow	charts,	
FMEA	diagram,	
Assembly	tree,	
Fishbone	
diagrams,	
Ontologies	
Customer	
requirements,	
Design	rules	and	
constrains,	
Analogies,	
Customer	
feedback,	
Verbal	
communication	
CAD	models,	
CAE	simulations,	
Virtual	reality	
simulations,	
Virtual	prototypes,	
Animations,	
Multimedia	
Mathematical	
equations,	
Parameterisations,	
Constraint	solvers,	
Computer	
algorithms,	
Design/	operational	
procedures	
	
	
Figure	3-1	Representative	modelling	in	product	design	(adapted	and	modified	from	
Chandrasegaran	et	al.,	2013)	
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Figure	3-1	also	indicates	that	designers	tend	to	focus	on	different	aspects	of	design	at	each	
design	stage	and	thus	representative	modelling	utilised	differs	from	one	stage	to	another.	For	
both	conceptual	and	embodiment	design	stages,	it	was	pointed	out	by	Pahl	et	al.	that	these	
two	major	stages	are	where	creativity	is	involved	in	because	they	both	consist	of	three	steps	
of	creative	process	including	analysis,	idea	generation	and	evaluation	(Howard	et	al.,	2008;	
Pahl	 et	 al.,	 1984).	While	 function	 is	 the	major	 focus	 of	 the	 conceptual	 design	 stage,	 it	 is	
expected	to	develop	and	define	constructional	structure	at	the	embodiment	stage.		
On	the	other	hand,	the	theory	of	technical	system	proposed	by	Hubka	et	al.	further	indicated	
that	in	the	development	of	a	technical	system,	designers	should	generate	not	only	function	
structure	but	also	organ	structure	and	construction	structure	(W.	E.	Eder,	2012;	Hubka	&	Eder,	
1996).	While	arguments	from	the	Philosophy	of	Technology	also	claimed	that	both	function	
and	structure	are	essential	elements	for	a	technical	artefact,	it	can	be	further	stated	that	an	
engineering	design	representation	should	be	able	to	record	and	display	both	functional	and	
structural	information	(Bucciarelli,	2002;	Kroes,	2010).	
In	the	following	subsections,	engineering	design	representations	such	as	Function	Hierarchy	
Models,	Function	Structure,	Function-Behaviour-Structure	representations,	Function	Analysis	
Diagram,	 House	 of	 Quality,	 and	 Graph	 Representation	 will	 be	 introduced.	 Since	 design	
representations	are	developed	to	serve	design	methodologies,	most	of	the	representations	
introduced	 will	 be	 associated	 with	 a	 specific	 design	methodology	 or	 a	 creativity	 method	
introduced	in	Chapter	2.	
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3.1.1 Functional	reasoning	representations	
Many	 functional	 reasoning	 representations	 have	 been	 proposed.	 As	 shown	 in	 Table	 3-2,	
functional	reasoning	representations	can	be	categorised	according	to	their	dependency	on	
function	and	structure.	Representations	including	Function	Hierarchy	Model,	Function	Logic	
Model,	 Function	Analysis	 System	Technique	 (FAST)	Model,	 and	 Function	 Structure	 can	be	
recognised	as	function-prior	representation	for	the	purely	functional	information	they	record	
and	present.	
Table	3-2	Engineering	design	representations	
Functional	reasoning	
Function-prior	
Function	Hierarchy	Model,	Function	Logic	Model,	
Function	Analysis	System	Technique	(FAST),	Function	
Structure	
	 Structure-Behaviour-Function	(SBF)	model	
	 FBS	framework	
Structure-prior	 Function	Analysis	Diagram	
Non-functional	
reasoning	 Structural	 QFD,	Graph	Representation,	Modelica	
	
3.1.1.1 Function	hierarchy	models	
The	Function	Hierarchy	Model	and	Function	Logic	Model	are	representations	developed	for	
Value	Engineering	(SAVE	International,	1998c).	The	Function	Hierarchy	Model,	described	as	a	
Function	Tree	in	some	literature,	presents	functions	in	the	form	of	a	hierarchy	(Aurisicchio	et	
al.,	2012;	SAVE	International,	1998c).	As	shown	in	Figure	3-2,	the	top	level	of	the	Function	
Hierarchy	Model,	i.e.	Function	1.0,	is	the	basic	function	of	the	design	task.	The	top	function	
will	 then	 be	 decomposed	 into	 subsets	 of	 sub-functions	 that	 are	 essential	 to	 the	
accomplishment	of	the	top	function.		After	assigning	components,	cost,	and	other	properties	
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for	 sub-functions,	 the	 total	 cost,	weight,	other	properties,	 and	design	of	 the	product	 that	
satisfies	the	top	function	can	be	decided.		
	
Figure	3-2	The	Function	Hierarchy	Model		
The	benefit	of	using	the	Function	Hierarchy	Model	is	that	it	allows	not	only	designers	but	also	
management	personnel	to	understand	the	analysis	of	a	system’s	functional	requirements	in	
detail.	While	all	types	of	design	information	are	eligible	to	be	recorded	in,	it	can	further	be	
utilised	 as	 a	 tool	 in	 controlling/managing	 design	 performance,	 design	 cost,	 and	 the	
relationship	of	designers	in	the	task.	The	objective	tree	from	a	systematic	approach	belongs	
also	to	this	type	of	representation	(Pahl	et	al.,	1984).	It	provides	reference	for	engineering	
designers	as	a	decision-making	tool	by	replacing	the	cost	and	other	properties	with	weighting	
factors.	
The	 Function	 Logic	Model	 was	 developed	 as	 an	 enhancement	 of	 the	 Function	 Hierarchy	
Model	that	aims	to	include	the	voice	of	customer	(SAVE	International,	1998b).	As	shown	in	
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Figure	 3-3,	 the	 Function	 Logic	Model	 further	 includes	 four	 supporting	 functions	 including	
assure	 convenience,	 assure	 dependability,	 satisfy	 user,	 and	 attract	 user	 to	 address	 the	
importance	of	the	user	to	the	success	of	the	design	task	in	addition	to	basic	functions	that	are	
directly	linked	to	design	properties	as	listed	in	the	function	hierarchy	model.		
											 	
Figure	3-3	Function	Logic	Model	(adapted	from	SAVE	International,	1998c)	
One	further	development	of	representations	from	value	engineering	is	the	Function	Analysis	
Systems	Technique	(FAST)	model	(SAVE	International,	1998a,	1998c).	Figure	3-4	shows	the	
basic	form	of	the	FAST	model.	Instead	of	the	hierarchical	structure,	the	FAST	model	exhibits	
a	 logical	 reasoning,	process-like	structure.	The	relationship	between	blocks	are	not	simply	
function	and	 sub-function	but	also	 represent	how	 the	 function	 can	be	achieved,	why	 is	 it	
necessary,	and	what	else	happens	when	the	function	occurs.	The	FAST	model	is	useful	in	value	
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engineering.	However,	its	logical	structure	makes	it	incompatible	to	other	function	reasoning	
representations.	
	
(a)	The	basic	FAST	model	
	
(b)	How-Why-When	relationships	
		 	
(c)	Operator	AND	&	OR	
Figure	3-4	The	FAST	model	(adapted	from	SAVE	International,	1998a)	
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3.1.1.2 Function	structure	
In	the	conceptual	design	phase	of	the	systematic	design	approach,	functional	requirements	
of	the	product	are	the	focus	of	designers.	The	required	functions,	according	to	the	complexity,	
may	be	decomposed	into	sub-functions	and	all	these	functions	are	arranged	in	the	form	of	a	
function	 block	 diagram.	 Such	 a	 block	 diagram,	 named	 as	 a	 function	 structure,	 has	 been	
applied	and	taught	widely	in	academia	and	also	utilised	by	industry	over	the	last	thirty	years	
(Pahl	et	al.,	1984;	Tomiyama	et	al.,	2009).	It	 is	maybe	the	most	common	representation	in	
engineering	design	education	and	frequently	applied	by	different	design	methods	including	
Pahl	et	al.’s	Systematic	Approach,	Hubka	et	al.’s	Engineering	Design	Science,	and	Andreason’s	
Domain	Theory	(Andreasen,	2011;	Hubka	&	Eder,	1996;	Pahl	et	al.,	1984).	
The	Function	Structure	is	a	flow-based	representation	that	exhibits	functions	with	flows	as	
inputs	 and	 outputs	 and	 is	 independent	 to	 the	 physical	 structure,	 i.e.	 it	 is	 a	 structure-
independent	representation.	While	Pahl	et	al.	 (1984)	defined	function	as	 the	 input-output	
relationships	for	the	system	designed	for	performing	intended	tasks,	its	representation	can	
be	shown	as	a	input-function-output	relationship.	As	shown	in	Figure	3-5,	a	basic	element	of	
Function	Structure	consists	of	a	function	block	with	three	types	of	flows	represented	in	arrows	
including	 energy,	 material,	 and	 signals.	 While	 the	 representation	 is	 independent	 from	
physical	structures,	it	is	suitable	to	be	applied	as	the	representing	tool	for	top-down,	function-
based	design	methods.	While	functions	in	the	Function	Structure	are	set	to	act	on	input	and	
output	flows,	it	is	usually	stated	by	a	verb	and	a	noun.	Many	research	programmes	have	been	
conducted	 to	 establish	 a	 taxonomy	 for	 function	descriptions	 in	 a	 verb	 (function)	 +	 object	
(flow)	form,	as	will	be	introduced	in	section	3.2.	
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Figure	3-5	An	elemental	function	block	of	Function	Structure	(adapted	from	Pahl	et	al.,	
1984)	
Similar	 to	 the	 function	 hierarchy	model,	 a	 function	 block	 can	 be	 broken	 down	 as	 blocks	
representing	its	sub-functions,	and	the	flow	routes	between	these	blocks	can	also	be	set.	As	
shown	 in	 Figure	 3-6,	 the	 formation	 of	 a	 function	 structure	 may	 be	 similar	 to	 a	 function	
hierarchy	model.	However,	the	function	structure	further	possesses	information	of	energy,	
material,	and	signal	flows	that	transferred	and/or	transformed	from	one	function	to	another.	
This	makes	 the	 function	 structure	 a	more	 solid	 and	 complete	 functional	model	 than	 the	
function	hierarchy	model	(Aurisicchio	et	al.,	2013).	Moreover,	because	the	function	structure	
also	 possesses	 function-sub-functions	 relationships,	 it	 is	 possible	 to	 utilise	 the	 function	
structure	along	with	other	hierarchical	function	representation	such	as	the	function	hierarchy	
models	introduced	in	the	last	sub-subsection.	
	
Figure	3-6	Function	structure	(adapted	from	Pahl	et	al.,	1984)	
  Energy	
Material	
Signals	
Function	
Energy’	
Material’	
Signals’	
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3.1.2 Functional	reasoning	representations	with	structural	information	
Despite	structural-independent	representations,	especially	 function	structure,	having	been	
widely	 used	 in	 both	 academia	 and	 industry,	 not	 every	 researcher	 is	 satisfied	 with	 them	
because	of	 their	 lack	of	physical	 structural	 information.	Since	Bucciarelli	 (2002)	and	Kroes	
(2010)	both	pointed	out	that	two	essential	elements	of	a	technical	product	are	its	function	
and	structure	from	a	philosophical	viewpoint,	a	function-reasoning	representation	may	also	
possess	information	of	its	physical	structural.	Thus,	Gero	et	al.	recognised	structure	as	one	of	
the	 three	 key	 terms	 of	 the	 function-behaviour-structure	 framework.	 Furthermore,	 TRIZ	
researchers	 also	 proposed	 the	 functional	 analysis	 diagram	 (FAD)	 as	 the	 functional	
representation	that	could	be	adapted	by	TRIZ.	
3.1.2.1 Models	in	the	theory	of	technical	systems	
The	theory	of	technical	systems	(TTS)	possesses	several	representations	that	are	involved	in	
the	design	process	proposed	by	Hubka	et	al	(W.	Ernst	Eder	&	Hosnedl,	2008;	Hubka	&	Eder,	
1996).	These	 representations,	 including	process	model,	 function	model,	organ	model,	and	
parts	model,	are	utilised	to	represent	design	information	required	at	each	design	stages	of	
the	design	process	introduced	in	section	2.4.1,	as	shown	in	Figure	3-7.	As	defined,	the	process	
model	 represents	 a	 technical	 system’s	 internal	 operating	 processes	 required	 to	 achieve	
demanded	 effects,	 i.e.	 demanded	 outputs,	 of	 the	 system.	 The	 function	model	 shows	 the	
internal	functions,	i.e.	capabilities,	of	the	technical	system	to	perform	the	above	processes.	
The	organ	model	shows	the	means	that	could	be	implemented	to	realise	internal	functions.	
The	parts	model	transforms	the	organ	structure	with	physical	components	or	assemblies	that	
could	realise	organs	and	achieve	functions.	
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(a)	Process	model																																																				(b)	Function	model	
										 	
(c)	Organ	model																																																								(d)	Parts	model	
Legend:	M:	material,	E:	energy,	S:	signal,	P:	process,	F:	function,	O:	organ,	C:	component	
Figure	3-7	Models	of	Technical	Systems	(TS	Models)	(adapted	from	W.	Ernst	Eder	&	
Hosnedl,	2008;	and	Hubka	&	Eder,	1996)	
Figure	3-8	 further	 shows	an	example	of	how	 these	models	 are	applied	 to	 the	design	of	 a	
mechanical	 vice	 (W.	 Ernst	 Eder	&	Hosnedl,	 2008;	 Hubka	&	 Eder,	 1996).	 According	 to	 the	
design	specification	shown	in	Figure	3-8	(a),	 i.e.	a	work	holding	device	on	a	work	bench	to	
hold	workpiece	for	processing,	the	process	model	can	be	constructed	as	shown	in	Figure	3-8	
(b).	 As	 Eder	 et	 al.	 pointed	out	 that	 the	process	model	 is	 usually	 considered	 redundant	 in	
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design.	This	 is	because	the	 internal	processes	and	the	 internal	functions	are	 in	one	to	one	
correspondence,	which	means	no	variant	can	be	generated	from	the	process	model	(W.	Ernst	
Eder	&	Hosnedl,	2008;	Hubka	&	Eder,	1996).	As	shown	in	Figure	3-8	(c),	the	transformation	
from	the	process	model	to	the	function	model	does	not	make	much	difference	between	them.	
While	the	two	models	are	almost	 identical	 to	each	other,	constructing	 just	one	of	them	is	
sufficient	for	the	design	process.	After	confirming	the	internal	functions	of	the	mechanical	
vice	design,	the	means	to	realise	these	functions	can	be	explored	and	arranged,	as	shown	in	
Figure	3-8	(d)	and	(e).	It	should	be	noted	that	one	organ	(e.g.	motion	screw	thread	organ)	may	
be	capable	of	carrying	more	than	one	functions	(e.g.	transform	rotation	to	translation	and	
amplify	force).	While	the	organ	model	 is	the	prerequisite	of	the	embodiment	design	stage	
and	 is	utilised	as	the	bridge	between	function	and	physical	structure,	the	parts	model	can	
then	be	constructed	for	the	design,	as	shown	in	Figure	3-8	(f)	and	(g).	
							 	
(a)	Design	specification	and	its	schematic	
Figure	3-8	TTS	models	for	a	mechanical	vice	(adapted	from	W.	Ernst	Eder	&	Hosnedl,	2008)	
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(b)	Process	model	
			 	
(c)	Function	model	
Figure	3-8	TTS	models	for	a	mechanical	vice	(continued)	
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(d)	Organ	model		
	
(e)	Schematic	according	to	the	organ	model	
Figure	3-8	TTS	models	for	a	mechanical	vice	(continued)	
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	(f)	Parts	model	
	
(g)	Schematic	of	the	parts	model	
Figure	3-8	TTS	models	for	a	mechanical	vice	(continued)	
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As	indicated	by	Eder	(2012),	the	functions	model	of	the	technical	system	and	the	Function	
Structure	 proposed	 by	 Pahl	 et	 al.	 (1984)	 are	 similar.	 As	 Eder	 further	 noted	 that	 Pahl’s	
systematic	 approach	 is	 included	 in	 the	 theory	 of	 technical	 systems	 and	 theory	 of	 design	
processes,	it	is	possible	to	use	the	Function	Structure	directly	for	the	process	model	and	the	
functions	model.	This	means	that	the	functions	model	also	lacks	structural	information	and	
therefore	requires	an	additional	process	to	generate	the	organs	structure	so	that	functional	
information	can	be	transformed	to	structural	information.	On	the	other	hand,	the	parts	model,	
as	the	result	of	embodiment	design,	shows	how	different	components	are	connected	within	
the	 technical	 system.	However,	 this	connection	 is	only	one	of	 the	relationships	 that	could	
occur	 between	 components.	 In	 design,	 it	 is	 suggested	 that	 engineering	 designers	 should	
consider	all	relationships.	A	more	comprehensive	representation	may	be	needed	to	represent	
these	relationships.		
3.1.2.2 Representations	for	the	FBS	framework	
In	the	literature	on	the	FBS	framework,	two	representation	sets	were	proposed	and	utilised	
as	examples	of	adapting	FBS	framework	into	design	practice.		
The	first	one	is	Design	Prototype	(Gero,	1990;	Tham,	Lee,	&	Gero,	1990).	Design	prototype	
was	 proposed	 as	 a	 textual	 method	 to	 comprehensively	 represent	 design	 knowledge	 in	
descriptions.	As	a	medium	of	 the	FBS	 framework,	 the	elements	within	a	design	prototype	
model	 include	 descriptions	 of	 function,	 structure,	 expected	 behaviour	 and	 structural	
behaviour.	 To	 provide	 comprehensive	 information,	 the	model	 also	 possesses	 information	
required	for	design	such	as	relational	knowledge	between	function,	behaviour,	and	structure,	
qualitative	 and	 computational	 knowledge	 of	 design	 parameters,	 and	 the	 contextual	
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knowledge	of	design.	It	is	noted	that	the	relational	information	lacking	in	the	Parts	model	of	
the	theory	of	technical	systems	is	now	being	considered	in	design	prototype.		
	
Figure	3-9	Design	prototype	schema	of	window	design	(adapted	from	Gero,	1990)	
Figure	 3-9	 shows	 an	 abstracted	 example	 of	 applying	 design	 prototype	 in	 the	 design	 of	 a	
window	(adapted	from	Gero,	1990).	Behaviour,	structural	parameters,	other	variables,	and	
related	knowledge	of	the	function	“provide	daylighting”	are	all	listed	in	the	design	prototype	
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schema	of	the	designed	window.	The	design	prototype	schema	provides	a	complete	list	of	
information	 required	 in	 design.	 Despite	 the	 schema	 not	 seeming	 to	 be	widely	 utilised	 by	
industry	or	academia	after	two	publications	in	1990,	its	rich	information	may	still	be	useful	in	
design	and	provide	a	reference	list	of	what	types	of	information	for	a	design	representation	
may	be	needed.	
The	second	representation	set	developed	for	the	FBS	framework	is	a	set	of	three	modelling	
graphs	 that	aim	to	 represent	 function,	behaviour,	and	structure	 (Qian	&	Gero,	1996).	The	
structure	 graph	 represents	 relationships	 between	 possible	 structure	 variables	 including	
elements,	 attributes,	 relationships,	 operations,	 and	processes.	 As	 shown	 in	 Figure	 3-10,	 a	
structure	graph	consists	of	two	sub-graphs	including	data	structure	and	process	structure.		
	
Figure	3-10	Structure	graph	(adapted	from	Qian	&	Gero,	1996)	
The	 data	 structure,	 similar	 to	 the	 parts	 model	 from	 TTS,	 consists	 of	 elements	 and	 their	
relationships	but	further	represents	the	attributes	of	these	elements.	The	process	structure	
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occurs	only	for	the	design	like	software	engineering	or	chemical	control	systems.	It	consists	
of	 operations	 and	 sub-processes.	 The	 definition	 of	 operation	 is	 the	 action	 that	 receives	
information	from	elements	in	the	data	structure	and	then	controls	or	adjusts	the	elements.	
The	combined	use	of	data	structure	graph	and	process	structure	graph	makes	the	structure	
graph	useful	in	both	physical	designs	like	machines	and	logical	designs	such	as	software.	
The	behaviour	graph	exhibits	relations	between	behaviours,	structure,	and	external	effects.	
This	 considers	not	only	 inner	behaviours	of	 the	designed	object	but	 also	 the	effects	 from	
external	objects,	environment	around	the	design,	operation	applied	to	the	design,	and	user	
actions	and	reactions.	As	shown	in	Figure	3-11,	the	graph	shows	how	behaviour	variables	are	
affected	 by	 structures	 and/or	 external	 effects.	 It	 is	 a	 visual	 tool	 that	 allows	 engineering	
designers	 to	 visually	 summarise	 the	 relationships	 between	 required	 behaviours,	 designed	
structure,	and	entities	outside	the	designed	system.	
	
Figure	3-11	Behaviour	graph	(adapted	from	Qian	&	Gero,	1996)	
The	function	graph,	as	Figure	3-12	illustrates,	represents	the	relationships	between	function	
and	their	corresponding	behaviours.	In	the	graph,	F1	is	the	function	F1	is	achieved	purely	by	
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behaviour	B1,	while	F2	is	achieve	by	the	changing	behaviour	of	the	structural	element	S3.	F3	
and	F4	show	that	functions	may	be	attained	by	more	than	one	behaviour	variable.	As	for	F5,	
it	is	achieved	by	behaviour	B8,	which	represents	a	sequential	behaviour	with	two	states	B8-1	
and	B8-2.		
The	above	set	of	three	modelling	graphs	allows	engineering	designers	to	visually	represent	
their	design	ideas	based	on	the	FBS	framework.	The	combined	use	of	the	modelling	set	and	
the	design	prototype	may	allow	designers	to	represent	the	rich	information	required	for	and	
generated	 from	 their	 design	 tasks.	 However,	 since	 the	 use	 of	 the	 FBS	 framework	 and	 its	
representing	tools	still	require	more	real	industrial	case	studies,	the	actual	efficacy	of	using	
these	representations	in	design	may	still	need	to	be	further	verified	(Venturi,	Zinnai,	Fantoni,	
Gabelloni,	&	Razionale,	2013).		
	
Figure	3-12	Function	graph	(adapted	from	Qian	&	Gero,	1996)	
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3.1.2.3 Functional	analysis	diagram,	FAD	
As	 an	 essential	 part	 of	 modern	 TRIZ	 practice,	 functional	 analysis	 helps	 engineers	 to	
decompose	all	the	functions	of	components	within	the	technical	system	being	analysed.	It	is	
represented	as	a	Functional	Analysis	Diagram	(FAD),	which	substitutes	Substance-Field	model	
formerly	used	by	classical	TRIZ.		
FAD	 graphically	 maps	 functional	 relationships	 between	 different	 components	 and	
environmental	 elements	 of	 the	 target	 technical	 system.	 It	 was	 first	 disclosed	 in	 a	 patent	
application	submitted	by	a	CAI	 (computer	aided	 innovation/invention)	software	developer	
Inventive	Machine	Corporation	to	be	as	a	part	of	their	TRIZ-based	computer	aided	innovation	
(CAI)	software	(Aurisicchio	et	al.,	2012;	Devoino	et	al.,	2000).	FAD	may	be	evolved	from	Su-
Field	model.	As	shown	in	Figure	3-13,	a	Su-Field	model	can	be	completely	transformed	as	a	
basic	FAD	element.	In	fact,	some	TRIZ	publications	represent	Su-Field	models	into	the	form	of	
basic	FAD	elements	(Terninko,	2000).	It	may	be	reasonable	to	recognise	Su-Field	models	as	
partial	elements	of	FADs.		
							 															 	
	(a)	a	Su-Field	model																													(b)	a	basic	FAD	element	
Figure	3-13	Comparison	between	Su-Field	model	and	FAD	
FAD	allows	an	engineering	designer	to	represent	and	analyse	complex	systems	and	multiple	
interactions	between	components.	As	shown	 in	Figure	3-14,	FAD	uses	blocks	 to	 represent	
substances	and	arrows	for	interactions	between	substances.	While	function	is	defined	as	“the	
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ability	to	perform	an	action	on	an	object	for	the	outcome”	in	FAD,	the	functions	represented	
in	 FAD	 are	 often	 shown	 in	 the	 subject-verb-object	 form	 (Gadd,	 2011).	 For	 example,	 the	
artefact	 2	 (subject)	 in	 Figure	 3-14	 applies	 useful	 action	 2	 (verb)	 on	 artefact	 4	 (object)	 to	
represent	a	desirable	function	while	artefact	2	(subject)	applies	a	harmful	action	(verb)	on	
artefact	3	(object)	to	represent	a	undesirable	function.	With	this	visualized	representation,	it	
is	very	easy	for	designers	to	analyse	and	to	understand	drawbacks	of	the	system.	
While	Su-Field	model	is	difficult	to	understand	and	apply	for	some	engineering	designers,	FAD	
provides	an	alternative	choice	(Gadd,	2011).	 It	 is	easier	for	engineering	designers	to	adapt	
FAD	in	design	than	Su-Field	model	because	FAD	provides	complete	function	descriptions	with	
natural	 language	while	 Su-Field	model	 requires	 further	 transformations	 from	 functions	 to	
fields.	It	is	a	useful	and	easy-to-use	representation	for	engineering	design	tasks.	
	
Figure	3-14	Functional	analysis	diagram	
3.1.2.3.1 Problem	solving	with	FAD	
In	order	to	integrate	FAD	with	her	problem	solution	method,	Gadd	(2011)	proposed	a	six-step	
process	for	problem	solving	with	functional	analysis:	
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1. List	all	 interactions	for	all	components	of	the	system	in	the	form	of	Subject-action-
Object	
2. Construct	FAD	by	assembling	all	interactions	and	components	
3. If	 the	 system	 has	 time-dependent	 variances	 and	 the	 variances	 are	 critical	 to	 the	
problem,	construct	time-based	FADs	
4. List	system	problems	including	harmful,	insufficient,	and	contradictory	actions	for	all	
components	in	the	form	of	Subject-action-Object	
5. Perform	 trimming	 actions	 for	 components	 with	 problems	 and	 list	 the	 remaining	
problems	
6. Apply	TRIZ	76	standard	solutions	to	solve	the	problem	
3.1.2.3.2 Trimming	
Trimming	 is	one	of	 the	simplest	and	most	effective	approach	to	 remove	system	problems	
(Gadd,	2011).	After	 listing	all	the	harmful,	 insufficient,	and	contradictory	actions,	the	most	
intuitive	 approach	 to	 improve	 the	 system	 is	 to	 remove	 these	 problematic	 actions	 before	
searching	for	solutions	in	the	re-arranged	76	standard	solutions.	On	the	other	hand,	trimming	
also	aims	to	remove	components	 that	are	expansive,	harmful,	and	complicated.	However,	
there	is	a	trade	off	that	using	trimming	to	eliminate	problems	could	also	create	some	other	
issues.	This	is	the	time	for	the	standard	solutions	to	contribute	the	problem	solving	task.	
3.1.2.3.3 Re-arranged	TRIZ	76	standard	solutions	
As	introduced	in	Chapter	2,	the	original	TRIZ	76	standard	solutions	are	proposed	to	the	need	
of	 using	 Su-Field	 analysis	 in	problem	 solving.	While	 FAD	 replaces	 the	 Su-Field	 analysis	 for	
better	usability,	the	TRIZ	76	standard	solutions	are	also	re-arranged	for	the	need	of	using	FAD	
in	problem	solving.		
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Table	3-3	lists	the	categories	of	the	re-arranged	76	standard	solutions.	Unlike	the	original	76	
standard	 solutions	 that	 are	 proposed	 to	work	with	 Su-Field	 analysis	 side	 by	 side,	 the	 re-
arranged	76	standard	solutions	are	more	like	the	guidance	for	solutions	when	encountering	
design	problems.	Therefore,	the	use	of	these	re-arranged	76	standard	solutions	will	be	easier	
than	the	original	solutions.	For	the	complete	 list	of	the	re-arranged	76	standard	solutions,	
please	refer	to	Appendix	III.	
Table	3-3	Categories	of	re-arranged	TRIZ	76	standard	solutions	(Gadd,	2011)	
1st	level	categories	 2nd	level	categories	
Harmful	actions	
H.1 Eliminate:	6	solutions	
H.2 Stop:	11	solutions	
H.3 Transform:	4	solutions	
H.4 Correct:	3	solutions	
Insufficient	actions	 I.1 Improve	by	adding	something:	7	solutions	I.2 Improve	by	changing	or	evolving:	10	solutions	
I.3 Improve	by	enhancing	the	action:	18	solutions	
Measurement	
M.1 Indirect	measurement:	3	solutions	
M.2 Additional	measurement	system:	4	solutions	
M.3 Enhancing	the	measurement	system:	3	solutions	
M.4 Utilise	extra	ferromagnetic	substances	or	fields:	5	solutions	
M.5 Ways	of	evolving	the	measuring	systems:	2	solutions	
	
3.1.3 Other	representations	
In	 addition	 to	 representations	 developed	 for	 functional	 reasoning,	 many	 representations	
were	proposed	for	various	purpose	and	design	approaches.		
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3.1.3.1 House	of	quality	
House	 of	 quality	 is	 the	 main	 representation	 used	 in	 Quality	 Function	 Deployment	 (QFD)	
method,	a	method	originally	proposed	by	Japanese	researcher	Akao	to	ensure	the	quality	of	
design	during	the	whole	design	process	(Akao,	1997).		
The	 purpose	 of	 the	 QFD	 method	 is	 to	 compensate	 for	 the	 gap	 between	 customer	
requirements	 and	 design	 activities.	 It	 has	 four	 major	 steps	 including	 product	 planning,	
product	 design,	 process	 planning,	 and	 production	 planning	 that	 sequentially	 analyses	
relationships	between	customer	requirements,	functional	requirements,	part	characteristics,	
process	 characteristic,	 and	process	 control	methods.	These	 steps	are	processes	 through	a	
series	of	matrices	from	QFD1	to	QFD4,	as	shown	in	Figure	3-15.		
	
Figure	3-15	Four	phases	of	QFD	matrices	
The	form	of	these	matrices,	so-called	the	house	of	quality,	is	the	basic	representation	of	the	
QFD	method.	 As	 shown	 in	 Figure	 3-16,	 a	 typical	 QFD1	 house	 of	 quality	 possesses	 design	
information	such	as	customer	requirements	(CRs),	functional	requirements	(FRs),	and	their	
relationships.	The	procedures	of	constructing	such	a	QFD1	house	of	quality	are:	
1. Identify	customer	requirements	and	list	them	in	the	matrix	
2. Determine	relative	importance	of	the	customer	requirements	for	the	scale	from	1	to	
10	
	 114	
3. Assess	competitors’	products	and	evaluate	them	according	to	the	relevant	customer	
requirements	
4. List	functional	requirements	in	the	matrix	against	the	customer	requirements	
5. Identify	 the	 level	 of	 relationship	 between	 customer	 requirements	 and	 functional	
requirements	as	strong	(strength	value	=	9),	middle	(4),	or	weak	(1)	
6. Analyse	interrelationships	between	functional	requirements	and	record	them	in	the	
correlation	matrix	area	
7. Assess	target	values	of	the	functional	requirements	
8. Calculate	weighted	importance	(WI)	of	functional	requirements	(FRs),	 following	the	
equation	below:	
	
WI	of	FR = 	 (importance	of	CR)×(degree	of	relationship)<==	>? 	
	
The	QFD	method,	with	the	house	of	quality,	provides	engineering	designers	a	useful	tool	to	
examine	 the	 relationship	 between	design	 and	 the	 voice	 of	 customer.	 It	 is	 a	 tool	 for	 total	
quality	 control	 that	 allows	 companies	 to	 ensure	 design	 outcome	 could	 reflect	 customer	
demands	 (Franceschini	 &	 Rossetto,	 1995).	 However,	 QFD2	 only	 shows	 the	 functional	
requirements	as	input	information	of	conceptual	design	and	the	part	characteristics	are	the	
resulted	outputs	of	embodiment	design.	While	the	QFD	does	not	provide	any	assistant	for	
designers	 to	 tackle	 the	 transformation	 between	 functional	 requirements	 and	 part	
characteristics,	the	QFD	is	not	a	tool	that	aims	to	actually	assist	designers	in	passing	through	
conceptual	design	and	embodiment	design	stages.	
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Figure	3-16	The	QFD1	house	of	quality	
3.1.3.2 Graph	representation	for	mechanisms	
In	the	design	of	mechanisms,	especially	geared	mechanisms,	the	coupling	between	elements	
is	the	central	key	of	design	because	it	defines	kinematic	structure.	However,	representations	
based	on	function	reasoning	methods	that	focuses	on	operands	such	as	materials,	energy,	
and	 signal	do	not	exhibit	 this	 kinematic	 information.	Bushsbaum	and	Freudenstein	 (1970)	
introduced	 the	 Graph	 Theory	 to	 represent	 the	 kinematics	 of	 mechanisms	 as	 net-shaped	
models.	The	aim	of	this	introduction	is	to	separate	kinematic	structure	from	other	functions	
to	explore	possible	variations	of	mechanisms	at	the	conceptual	design	stage	while	kinematic	
behaviour	is	not	one	of	the	three	operands	in	both	Hubka’s	and	Pahl’s	design	methods.	The	
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graph	 representation	 has	 been	 widely	 utilised	 by	 researchers	 to	 represent,	 analyse,	 and	
synthesise	topological	structures	of	mechanisms	such	as	geared	mechanisms,	robotics,	and	
kinematic	 linkages	 (Chen,	 Shieh,	 &	 Yeh,	 2008;	 Ding,	 Huang,	 Zi,	 &	 Kecskeméthy,	 2012;	
Freudenstein,	1971;	Sergi,	Accoto,	Tagliamonte,	Carpino,	&	Guglielmelli,	2010;	Shai	&	Preiss,	
1999).	
The	graph	representation	uses	vertices	to	represent	elements	such	as	linkages	or	gears	and	
edges	to	represent	kinematic	couplings	between	elements,	i.e.	joints.	Figure	3-17	shows	the	
schematic	representation	and	the	graph	representation	of	a	four-bar	slider-crank	linkage.	The	
labels	on	the	edges	show	the	joint	types	and	their	motion	space.	For	example,	RJZ	represents	
a	revolute	joint	that	rotates	about	Z	axis	and	PJX	is	a	prismatic	joint	that	allows	translational	
movement	along	X	axis.		
	
(a)	Schematic	representation	
	
(b)	Graph	representation	
Figure	3-17	Graph	representation	of	a	slider-crank	linkage	
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The	graph	representation	is	particularly	useful	in	analysing	topological	structures	of	geared	
mechanisms	and	it	has	been	widely	utilise	in	cooperate	with	morphological	analysis	(Chen	et	
al.,	2008;	Freudenstein,	1971;	Liu	&	Chen,	2000;	Liu,	Chen,	&	Chang,	2004;	Waldron	&	Kinzel,	
1999).	Figure	3-18	shows	the	functional	representation	and	the	graph	representation	of	an	
epicyclical	drive.	While	three	revolute	joints	are	on	the	“b”	axis	and	one	is	on	the	“a”	axis,	
three	geared	couplings	are	existed	between	gear	“2”	and	gear	“3”,	gear	”3”	and	”4”,	and		
gear	”3”	and	”5.”	This	helps	designers	to	understand	kinematic	relationships	between	gears.	
The	 graph	 specification	 developed	 by	 Buchsbaum	 and	 Freudenstein	 (1970)	 can	 further	
provides	engineering	designers	an	useful	reference	on	morphological	analysis.		
	
(a)	Functional	representation	
	
(b)	Graph	representation	
Figure	3-18	Graph	representation	of	an	epicyclical	drive	(adapted	from	Freudenstein,	1971)		
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In	the	graphical	representation,	kinematics,	i.e.	movement,	is	the	only	function	operand	and	
thus	makes	the	graphical	representation	a	useful	tool	in	the	kinematic	design	of	mechanisms.	
However,	 in	 other	 functional	 reasoning	 representations	 such	 as	 function	 structure,	 only	
material,	 energy,	 and	 signal	 are	 considered	 as	 function	 operands.	 This	 separation	 of	
kinematics	 as	 a	 function	 operand	 makes	 the	 graphical	 representation	 a	 special	 case	 of	
engineering	design	representation	and	indicates	what	can	be	useful	in	designing	systems	with	
moving	components.	
3.1.4 Discussion	
The	engineering	design	representations	introduced	above	are	proposed	in	order	to	serve	as	
modelling	 platforms	 of	 design	 methods	 or	 theories.	 Like	 design	 methods,	 each	 type	 of	
representation	 should	 have	 some	merits	 that	 could	make	 it	 valuable	 for	 some	 aspects	 in	
design.	However,	it	should	be	noted	that	not	all	representations	are	equally	useful	in	design	
and	some	representations	are	bounded	to	one	design	method	and	restricted	to	limited	types	
of	 design.	 Thus,	 it	 is	 still	 needed	 to	 evaluate	 the	 usefulness	 of	 engineering	 design	
representations.	
Chittaro	 et	 al.	 (Chittaro,	 Guida,	 Tasso,	 &	 Toppano,	 1993)	 proposed	 a	 list	 of	 six	 primary	
requirements	 for	 representing	 physical	 systems:	 “Representation	 adequacy,”	 “Problem-
solving	 power,”	 “Problem	 solving	 economy,”	 “Multiple	 use	 of	 knowledge,”	 “Cognitive	
coupling,”	and	“Efficiency.”	The	first	requirement	“Representation	adequacy”	suggests	that	a	
representation	 should	 be	 able	 to	 represent	 knowledge	 of	 the	 physical	 system	 it	 aims	 to	
represent.	The	second	requirement	asks	that	the	knowledge	available	in	the	representation	
should	be	supportive	to	problem	solving	tasks.	The	third	requirement	means	a	representation	
should	only	 carry	 relevant	 and	necessary	 information	 for	 a	design	 task.	 I.e.	 no	 redundant	
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information	should	be	modelled.	A	representation	also	needs	to	be	able	to	support	various	
design	activities	such	as	interpretation	of	customer	requirements,	issue	locating,	and	design	
verification.	 “Cognitive	 coupling”	 asks	 the	 representation	 to	 have	 the	 ability	 to	 human	
reasoning	 process	 in	 design.	 	 Finally,	 the	 representation	 needs	 to	 be	 utilised	 for	 complex	
problems	with	simplified	structure.		
While	studying	representation	technique	of	technical	systems	(TTS),	Hubka	and	Eder	(1996)	
also	proposed	a	list	of	four	criteria	that	they	believed	a	representation	that	could	support	all	
aspects	of	design	by	modelling	and	representing	all	states	of	a	technical	system	should	obey.	
The	first	criterion	is	that	such	a	representation	should	be	able	to	assist	various	design-related	
activities	 including	 communication,	 experimentation,	 and	 creativity.	 This	 representation	
should	also	be	able	to	support	various	design	methodologies	and	serve	as	an	idea-exchange	
platform.	 Third,	 the	 representation	must	 provide	 information	 unambiguously	 so	 that	 the	
information	can	be	interpreted	without	error.	Lastly,	such	a	representation	should	be	able	to	
carry	as	much	information	as	required	with	the	model	being	as	simple	as	possible.		
These	two	lists	are	almost	consistent	while	all	Hubka	and	Eder’s	criteria	are	included	in	the	
six	requirements	proposed	by	Chittaro	et	al.	While	Chittaro’s	list	is	more	complete	with	the	
requirement	 of	 ensuring	 the	 representation	 support	 designer’s	 reasoning	 process,	 it	 is	
suggested	 that	 engineering	 design	 representations	 can	 be	 compared	 and	 evaluated	 by	
Chittaro’s	list	of	six	primary	requirements,	as	shown	in	Table	3-4.	As	the	result,	the	FBS	model	
and	 FAD	 can	 both	 achieve	 all	 six	 requirements.	 However,	 although	 FBS	 models	 can	 also	
accomplish	 the	 requirement	 “Multiple	 use	 of	 knowledge,”	 it	 takes	 four	 different	
representations	 to	support	different	uses.	Therefore,	FAD	may	be	 the	only	 representation	
that	could	really	fulfil	all	requirements.	
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Table	3-4	Comparison	and	evaluation	of	engineering	design	representations	
		 Function	
Hierarchy	
Models	
Function	
Structure	
FBS	
models	
QFD	
House	of	
Quality	
Graph	
Representation	 FAD	
Representation	
adequacy	 Y	 N	 Y	 Y	 N	 Y	
Problem-
solving	power	 Y	 Y	 Y	 N	 N	 Y	
Problem	
solving	
economy	
Y	 N	 Y	 N	 Y	 Y	
Multiple	use	of	
knowledge	 N	 N	 Y	 N	 N	 Y	
Cognitive	
coupling	 N	 N	 Y	 N	 N	 Y	
Efficiency	 N	 Y	 Y	 Y	 N	 Y	
	
Aurisicchio	et	al.	(2013)	also	compared	several	engineering	design	representations	with	FAD	
and	summarised	several	advantages	of	utilising	FAD	as	the	representation	in	design:		
1. FAD	represents	designs	without	complicated	descriptions.	It	requires	less	explanation	
for	users	to	understand	the	notation.	
2. The	 form-dependent	 characteristic	 of	 FAD	 allows	 users	 to	 utilise	 it	 intuitively.	 It	 is	
easier	to	use	FAD	than	the	Function	Structure	
3. FAD	is	capable	of	including	more	complete	descriptions	for	system	interrelationships.	
4. Additional	information	can	be	allowed	to	be	included	in	the	layout	of	FAD.	
5. FAD	 can	 be	 a	 useful	 tool	when	 it	 is	 needed	 to	 analyse	 the	 design	 rationale	 of	 an	
engineering	system	
6. As	 a	 representing	 tool	 where	 not	 only	 useful	 but	 also	 harmful	 actions	 between	
elements	are	represented,	FAD	can	be	a	starting	point	for	designers	to	locate	potential	
risks	for	system	improvements.	
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7. Representing	both	structural	and	functional	descriptions	of	the	design,	FAD	is	capable	
of	representing	its	schematic	function	structure.	
Furthermore,	FAD	may	be	the	only	representation	that	actually	supports	design	activity	from	
the	 beginning	 of	 conceptual	 design	 to	 the	 embodiment	 design	 at	 the	 preliminary	 layout	
design	stage.	As	shown	in	Figure	3-19,	when	the	representations	are	mapped	according	to	
their	supporting	activities	in	design	processes	of	theory	of	technical	systems	and	systematic	
approach,	it	is	obvious	that	most	representations	cannot	solely	support	design	activities	as	
FAD	does.	For	instance,	it	takes	four	representations	for	FBS	representations	and	three	graphs	
for	TTS	representations	to	model	design	from	conceptual	design	stage	to	embodiment	design	
stage.	Using	FAD	as	the	design	representation	could	save	user	efforts	because	the	work	of	
transforming	information	between	different	representations	will	be	minimised.	
	
Figure	3-19	Engineering	design	representations	and	their	supporting	design	stages	
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Moreover,	previous	 studies	of	FAD	 reveal	 that	FAD	can	be	utilised	at	not	only	 conceptual	
design	 stage	 but	 also	 detailed	 design	 stage	 because	 it	 can	 be	 an	 excellent	 platform	 for	
manufacturing	SOPs	(Aurisicchio	et	al.,	2013;	Michalakoudis	et	al.,	2014).	While	FAD	is	capable	
of	dealing	with	 various	 requirements	 at	 almost	 every	design	 stage,	most	previous	 studies	
were	focusing	on	utilising	FAD	for	product	improvements.	It	would	be	valuable	to	study	the	
possibility	of	using	FAD	as	the	main	design	representation	and	develop	a	design	method	for	
it.	
3.2 Engineering	design	taxonomy	
The	research	of	engineering	design	taxonomy	may	relate	to	two	different	types	of	taxonomy.	
The	 first	 type	 of	 taxonomy	 is	 the	 taxonomy	 of	 functions.	 While	 functional	 reasoning	
representations	 are	 frequently	 utilised	 at	 the	 conceptual	 design	 stage,	 some	 researchers	
believe	 it	 is	 prerequisite	 to	 define	 standard	 functional	 descriptions	 to	 prevent	
misunderstandings.	 The	 other	 type	 is	 the	 taxonomy	 of	 artefacts.	 According	 to	 Horváth’s	
(2004)	classification,	artefact	taxonomy	is	concerned	within	the	research	domain	“artefact	
manifestations.”	 While	 the	 research	 domain	 has	 four	 research	 trajectories,	 the	 study	 of	
engineering	 design	 taxonomy	 in	 this	 research	 is	 related	 to	 the	 trajectories	 of	 “design	
taxonomies,”	“design	catalogues,”	and	“artefact	properties.”	These	trajectories,	according	to	
their	descriptions,	are	actually	the	study	of:	“what	are	the	classification	principles,”	“What	
artefacts	should	be	recorded,”	and	“What	properties	should	be	included”	(Horváth,	2004).		
3.2.1 Taxonomy	of	functions	
In	 order	 to	 construct	 the	 function	 structure	 of	 a	 design,	 it	 is	 required	 that	 a	 systematic	
definition	 should	 be	 followed	 to	 prevent	 function	 descriptions	 from	 being	 chaotic.	 Since	
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function	description	is	essential	to	the	construction	of	function	structure,	the	fundamental	
requirement	of	functional	reasoning	design	is	to	understand	the	context	of	functions	and	be	
able	 to	utilise	 it	 (Hirtz,	 Stone,	McAdams,	 Szykman,	&	Wood,	2002;	Pahl	 et	 al.,	 1984;	D.	G	
Ullman,	1992).	While	some	researchers	believe	unifying	function	descriptions	is	essential	to	
minimise	the	probability	of	communication	errors	in	design,	several	taxonomies	of	function	
descriptions	were	proposed	(Altshuller,	1984;	Collins,	Hagan,	&	Bratt,	1976;	Hirtz	et	al.,	2002;	
Kirschman	&	Fadel,	1998;	Pahl	et	al.,	1984).	
The	 category	 of	 105	 mechanical	 functions,	 46	 key	 words,	 and	 40	 antecedent	 adjectives	
proposed	 by	 Collins	 et	 al.	 (1976)	may	 be	 one	 of	 the	 earliest	 attempted	 to	 systematically	
summarise	 functions.	 However,	 the	 category	 is	 not	 developed	 for	 generally	 describing	
functions	 because	 they	 were	 developed	 for	 failure	modes	 of	 helicopters.	 Its	 structure	 of	
function,	key	word,	and	adjectives	is	not	compatible	to	functional	reasoning	representations	
such	 as	 function	 structure,	 which	 utilises	 function	 terms	 and	 flow	 terms	 to	 completely	
describe	functions.		
Despite	function	structure	was	proposed	as	the	functional	reasoning	representation	of	the	
systematic	approach,	no	detailed	function	taxonomy	was	presented	by	Pahl	and	Beitz	(1984).	
As	 introduced	 in	section	3.1.1.2,	 three	types	of	 flow	 including	energy,	material,	and	signal	
were	listed	with	several	examples	demonstrating	what	the	flows	are.	Recognising	function	as	
the	conversion	of	these	flows,	Pahl	and	Beitz	used	Krumhauer’s	five	“generally	valid	functions”	
including	 change,	 vary,	 connect,	 channel,	 and	 store	 to	 describe	 conversions	 (Krumhauer,	
1974;	as	cited	in	Pahl	et	al.,	1984).	These	3	flows	and	5	functions,	however,	were	too	abstract	
to	 be	 useful	 in	 design.	 Therefore,	 a	 series	 of	 studies	 about	 constructing	 valid	 function	
taxonomy	were	conducted	to	provide	references	for	functional	modelling.	
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Hundal’s	 (1990)	extended	Krumhauer’s	 five	generally	valid	 functions	as	 six	basic	 functions	
including	channel,	store/supply,	connect,	branch,	change	magnitude,	and	convert.	Second-
level	physical	 functions	of	 these	 six	 functions	were	also	 listed	with	 specified	 input/output	
flows.	 Stone	 and	Wood	 (2000)	 further	 developed	 the	 Functional	 Basis	 to	 provide	 a	more	
complete	vocabulary	bank	for	function	descriptions.	Comparing	to	the	former	taxonomy	by	
Hundal,	the	Functional	Basis	is	rich	in	vocabulary	with	much	more	detailed	descriptions	and	
thus	is	capable	to	provide	reference	for	describing	more	functions.	About	the	same	time	as	
Stone	and	Wood,	Szykman	et	al.	(S.	Szykman,	Racz,	&	Sriram,	1999)	also	developed	another	
bank	 of	 vocabulary	 for	 describing	 functions	 and	 flows	 in	 the	 design	 taxonomy	 “Design	
Repository”	developed	as	a	part	of	the	National	Institute	of	Standards	and	Technology	(NIST)	
research	 project.	While	 an	 examination	 of	 the	 functional	 basis	 and	 Szykman’s	 functional	
taxonomy	showed	that	they	are	highly	similar	to	each	other,	an	effort	was	further	made	to	
further	integrate	these	two	function	taxonomies	(Hirtz	et	al.,	2002).	Hirtz	et	al.	developed	a	
reconciled	functional	basis	(RFB)	by	coordinating	the	functional	basis	and	Szykman’s	function	
taxonomy.		
The	RFB	follows	the	verb	+	object	formation	of	function	that	is	utilised	by	function	structure	
where	the	functions	are	the	verbs	and	flows	are	the	object.	As	shown	in	Figure	3-20	and	Figure	
3-21,	the	RFB	provides	more	“function”	and	“flow”	vocabularies	than	other	taxonomies	and	
therefore	has	been	utilised	as	the	reference	on	functional	description	for	the	establishment	
of	the	Design	Repository	(M.	R	Bohm,	Vucovich,	&	Stone,	2005;	Hirtz	et	al.,	2002;	Stone	&	
Wood,	2000;	S.	Szykman	et	al.,	1999).	 It	has	also	been	recognised	as	a	valid	reference	for	
describing	 technical	 systems’	 internal	 and	 cross-boundary	 functions	 (W.	 E.	 Eder,	 2012).	
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Therefore,	it	can	be	said	that	the	RFB	is	widely	accepted	and	utilised	by	the	users	of	function	
structure	including	the	researchers	of	theory	of	technical	systems.			
In	 addition	 to	 the	 taxonomies	 developed	 for	 function	 structure	 applications,	 some	
taxonomies	 were	 proposed	 for	 different	 purposes.	 Without	 reconciling	 with	 	 the	 above	
studies	related	to	function	structure,	Kirschman	and	Fadel	(1998)	attempted	to	create	a	bank	
of	 four	 basic	 mechanical	 function	 groups	 that	 varies	 from	 the	 verb-objective	 function	
description	 formation	 used	 by	 the	 function	 structure.	 Although	 not	 followed	 by	 other	
function	taxonomy	researchers,	Kirschman	and	Fadel’s	work	appears	to	be	the	first	attempt	
to	create	an	artefact	and	product	taxonomy	based	on	the	hierarchical	structure	of	function-
sub-function	relationships.	
	
Figure	3-20	Function	vocabularies	from	taxonomies	for	function	structure	applications	
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Figure	3-21	Flow	vocabularies	from	taxonomies	for	function	structure	applications	
For	 generally	 describing	 functional	 relationships,	 Altshuller	 (1984)	 introduced	 a	 set	 of	 30	
physical	 functions	 as	 a	 part	 of	 the	 early	 development	 of	 TRIZ.	 Pahl	 and	 Beitz	 (1984)	 also	
revealed	a	set	of	function	categories	in	their	book	as	a	part	of	the	systematic	approach	they	
proposed.	Malmqvist	et	al.	(Malmqvist,	Axelsson,	&	Johansson,	1996)	compared	these	two	
approaches	and	realised	that	both	of	them	have	similar	definitions	on	the	term	“function”,	
i.e.	the	system’s	ability	to	transform	an	operand	from	its	original	state	to	desired	state.	They	
further	compared	and	re-categorised	the	TRIZ	30	physical	functions	with	system	approach’s	
five	 categories,	 as	 shown	 in	 Table	 3-5.	 This	 comparison	 and	 re-categorisation,	 however,	
became	obsolete	as	both	function	taxonomies	were	further	evolved	to	become	taxonomies	
that	are	more	complicated.	The	TRIZ	physical	functions	was	expanded	to	include	31	physical	
functions,	34	chemical	functions,	and	11	geometric	functions	while	the	function	taxonomy	of	
systematic	 approach	 was	 also	 expanded	 as	 a	 more	 complete	 taxonomy	 with	 detailed	
definitions	 of	 functions	 and	 flows	 (Hirtz	 et	 al.,	 2002;	 Orloff,	 2006).	Moreover,	 while	 TRIZ	
utilises	 natural	 language	 rather	 than	 the	 flow-function	 formation	 of	 Pahl	 and	 Beitz’s	
systematic	 approach	 in	 TRIZ	 Su-Field	 analysis	 and	 functional	 analysis	 methods,	 further	
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comparison	of	function	definitions	between	these	two	inherently	different	methods	may	not	
be	necessary.	
Table	3-5	Comparing	TRIZ	function	vocabularies	with	Krumhauer’s		five	“generally	valid	
functions”	(adapted	from	Malmqvist	et	al.,	1996)	
Krumhauer’s
(1974)	
TRIZ	
(Altshuller	1984)	
Channel	 Transfer	of	energy	
Connect	 Forming	mixtures	
Separation	of	mixtures	
Setting	up	interaction	of	mobile	(exchangable)	and	immobile	(fixed)	objects	
Vary	 Lowering	temperature	
Raising	temperature	
Stabilising	temperature	
Controlling	location	of	objects	
Control	of	movement	
Control	of	aerosol	flows	(dust,	fog,	smoke)	
Stabilisation	of	position	of	object	
Action	of	forces.	Control.	Creation	of	high	pressure	
Changes	in	friction	
Measuring	surface	properties	
Changing	the	volume	properties	of	an	object	
Control	of	electromagnetic	fields	
Controlling	light.	Ligh	modulation	
Change	 Measuring	temperature	
Indication	of	position	and	location	of	objects	
Destruction	of	objects	
Measuring	dimensions	of	objects	
Changing	the	dimensions	of	objects	
Checking	of	state	and	properties	of	surfaces	
Inspection	of	state	and	properties	in	volume	
Indication	of	electrical	and	magnectic	fields	
Indications	of	radiation	
Store	 Accumulation	of	mechanical	and	heat	energy	
Not	matched	 Creating	a	given	structure.	Stabilisation	of	structure	of	an	object	
Generation	of	electromagnetic	radiation	
Initiation	and	intensification	of	chemical	changes	
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3.2.2 Taxonomy	of	artefacts	
The	taxonomy	of	artefacts	is	a	knowledge	database	that	consists	of	information	of	artefacts.	
Establishing	 such	 a	 taxonomy	 of	 artefacts	 may	 involve	 several	 tasks	 including	 defining	
principles	of	artefact	classification,	selection,	and	property,	all	related	to	the	purpose	of	the	
taxonomy.		
The	Modelica	Standard	Library	is	one	of	the	examples	of	artefact	taxonomy	that	is	built	to	
support	 the	 object-oriented,	 equation	 based	 language	 Modelica.	 While	 the	 Modelica	
language	was	developed	to	support	physical	system	modelling	for	computational	simulation,	
the	Modelica	Standard	Library	consists	of	hundreds	of	models	of	physical	elements	including	
electronic	 and	mechanical	 components.	 Figure	 3-22	 shows	 an	 example	 of	 representing	 a	
simple	drive	train	by	assembling	elements	form	the	Modelica	Standard	Library.	By	defining	
parameters	of	the	elements,	 it	 is	possible	to	simulate	the	performance	of	the	simple	drive	
train	 and	 details	 of	 elements.	 However,	 the	Modelica	 Standard	 Library	 does	 not	 support	
functional	 reasoning	 at	 the	 conceptual	 design	 stage	because	 it	was	developed	 to	 support	
simulation	that	mostly	occurs	at	the	later	detailed	design	stage.	
	
Figure	3-22	Modelica	model	of	a	simple	drive	train	(adapted	from	Modelica,	2013)	
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The	 NIST	 Design	 Repository	 is	 an	 artefact	 taxonomy	 that	 supports	 functional	 reasoning	
engineering	design	methods	(Simon	Szykman	&	Sriram,	2002).	Its	development,	together	with	
the	 RFB	 introduced	 in	 section	 3.2.1,	 aims	 to	 support	 engineering	 design	 approaches	 that	
utilise	function	structure	as	the	functional	reasoning	representation	at	the	conceptual	design	
stage.	While	 the	 RFB	 provides	 controlled	 vocabularies	 and	 rules	 for	 constructing	 function	
structures	 of	 artefacts	 in	 the	 Design	 Repository,	 the	 Design	 Repository	 is	 responsible	 of	
providing	information	of	physical	artefacts	for	reference.	The	Design	Repository	established	
at	Oregon	University	is	a	similar	artefact	taxonomy	(Sen,	Caldwell,	Summers,	&	Mocko,	2010).	
To	date,	the	Oregon	Design	Repository	stores	the	function	structures	of	184	products	and	
6909	 components	 and	 is	 presented	 as	 a	 web-based	 program	
(‘http://function2.mime.oregonstate.edu:8080/view/browse.jsp’,	 2015).	 Figure	 3-23	 shows	
an	 example	 of	 how	 the	 component	 “rotor-b”	 of	 the	 analysed	 product	 “brake	 system”	 is	
recorded	and	presented	in	the	Oregon	Design	Repository.	The	information	captured	by	the	
repository	 includes	 basic	 descriptions,	 physical	 parameters,	 failure	 information,	
manufacturing	process,	and	necessary	information	for	constructing	function	structure	of	the	
component.		
To	further	assist	the	idea	generation	task	at	the	conceptual	design	stage,	the	Oregon	Design	
Repository	 is	 also	 equipped	 with	 several	 creativity	 tools	 including	 function-component	
matrix,	design	structure	matrix,	product	function	matrix,	component-function	matrix,	and	the	
concept	generator	tools	based	on	morphological	analysis	(Vucovich	et	al.,	2006).	The	principle	
of	idea	generation	here	is	to	increase	concepts	generated	by	morphological	analysis	tools	by	
expanding	 the	 knowledge	 base	 (Matt	 R.	 Bohm,	 Vucovich,	 &	 Stone,	 2008).	 This	 approach	
seems	to	be	following	the	C-K	theory’s	idea	of	stimulating	concept	generation	by	expanding	
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knowledge	base.	However,	since	the	components	are	searched	within	appointed	products,	it	
is	still	possible	for	the	designer	to	be	affected	by	fixation	effect.	Certain	precautions	may	be	
needed	to	prevent	this	type	of	fixation	effect.	
	
Figure	3-23:	An	artefact	shown	in	the	design	repository	
(‘http://function2.mime.oregonstate.edu:8080/view/browse.jsp’,	2015)	
3.2.3 Discussion	
It	 has	 been	 shown	 that	 many	 works	 have	 been	 undertaken	 developing	 taxonomies	 of	
functions.	Although	many	efforts	have	been	made	to	construct	various	function	taxonomies,	
the	RFB	seems	to	be	the	more	useful	and	complete	one	for	users	of	function	structure	and	it	
has	been	utilised	as	the	function	reference	for	the	Design	Repository.	However,	the	goal	of	
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the	RFB	of	using	only	recorded	vocabularies	for	functional	descriptions	had	attracted	some	
criticisms.		
Aurisicchio	et	al.	(2013)	argued	that	the	RFB	requires	a	long	learning	time	because	it	requires	
deeper	 understanding	 of	 the	 rules.	 Its	 characteristics	 are	 developed	 to	 support	 function	
structure	 also	 means	 the	 RFB	 may	 not	 be	 an	 ideal	 taxonomy	 for	 analysing	 functional	
interrelationships	between	the	components	of	the	product.		
Fantoni	et	al.	(Bonaccorsi,	Apreda,	&	Fantoni,	2009;	Fantoni,	Apreda,	&	Bonaccorsi,	2009)	also	
argued	that	constructing	function	structure	according	to	function	descriptions	from	the	RFB	
has	several	drawbacks.	It	was	found	that	the	RFB	is	difficult	to	learn	because	all	overlapped	
meanings	were	eliminated.	Hence	it	is	also	exhibits	a	lack	of	ability	to	precisely	and	completely	
describe	all	functions	because	the	vocabularies	available	are	limited.	Using	limited	vocabulary	
to	describe	maybe	unlimited	number	of	functions	may	also	lead	to	high	level	of	ambiguity	
and	 error.	While	 Fantoni	 et	 al.	 tried	 to	 overcome	 these	 drawbacks	 by	 proposing	 another	
taxonomy	with	a	different	 structure	 for	 the	application	 to	 the	“Function	Vector	Space,”	 it	
reveals	the	fact	that	taxonomy	of	functions	is	still	evolving	because	everyone	has	different	
recognition	of	how	to	describe	functions.	It	is	possible	that	the	improvement	may	proceed	
continuously	and	no	final-version	taxonomy	will	ever	be	achieved.	Furthermore,	according	to	
the	C-K	 theory,	using	RFB	may	restrict	concept	generation	of	 functions	since	 the	available	
functions	are	limited.	Therefore,	the	idea	of	constructing	a	function	taxonomy	may	not	be	
helpful	for	designers	wish	to	enhance	the	creativity	of	concept	generated.	Not	to	mention	the	
construction	 of	 an	 artefact	 taxonomy	 based	 on	 the	 limited	 functional	 terms,	 such	 as	 the	
Design	Repository.	
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3.3 Chapter	summary	
This	chapter	reviews	some	of	the	most	popular	engineering	design	representations,	function	
taxonomies,	and	artefact	taxonomies.		
For	 engineering	 design	 representations,	 three	 branches	 are	 available	 including	 pure	
functional	 reasoning	 representations,	 functional	 reasoning	 representations	with	 structural	
information,	 and	 non-functional	 reasoning	 representations.	 While	 non-functional	
representations	 lack	ability	to	support	conceptual	design	and	creative	activities,	 functional	
representations	are	the	major	concerns	in	this	chapter.	Among	them,	Function	Structure	may	
be	the	most	widely	studied	and	utilised	representation	because	it	is	able	to	support	various	
design	methods.	However,	since	Function	Structure	does	not	possess	structural	information	
and	 only	 supports	 design	 at	 the	 conceptual	 design	 stage,	 the	 FAD	 become	 the	 only	
representation	 that	 could	 supports	 all	 aspect	 of	 design	 from	 the	 beginning	 of	 conceptual	
design	stage	to	the	detail	design	stage.	
For	function	taxonomies,	many	research	activities	have	been	conducted	to	construct	an	all-
valid	 function	 taxonomy.	However,	 even	 the	 seemingly	 complete	RFB	has	drawbacks	 that	
need	 to	 be	 improved.	 Given	 the	 fact	 that	 some	 researchers	 are	 still	 working	 on	 the	
improvement	of	RFB,	 it	may	be	a	continuing	task	without	a	foreseeable	end.	On	the	other	
hand,	 the	 structure	 of	 RFB	may	 restrict	 creativity	 due	 to	 the	 limited	 number	 of	 function	
descriptions.	Constricting	a	taxonomy	of	functions	may	not	be	helpful	for	designers	who	wish	
to	enhance	the	creativity	of	the	concept	generated.	
For	taxonomy	of	artefacts,	the	Design	Repository	may	be	the	only	taxonomy	that	is	created	
to	support	functional	reasoning	design.	However,	the	repository	is	constructed	based	on	the	
functional	descriptions	from	the	RFB.	Using	such	an	artefact	taxonomy	may	possibly	restrict	
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creative	performance.	Thus,	further	research	on	how	to	construct	a	taxonomy	that	can	not	
only	support	engineering	design	but	also	boost	creativity	may	be	required.	
Following	the	above	introduction	of	engineering	methods	in	the	last	chapter,	it	can	be	further	
concluded	that	most	engineering	design	representations	and	taxonomies	are	tools	aiming	to	
support	engineering	design	methods,	as	shown	in	Table	3-6.	While	merits	and	drawbacks	of	
these	 representations	 and	 taxonomies	 are	 discussed,	 it	 is	 shown	 that	 the	 most	 popular	
representation	“Function	Structure”	and	taxonomies	“RFB”	and	“Design	Repository”	may	not	
be	ideal	for	enhancing	design	creativity.	On	the	other	hand,	the	discussion	of	FAD	shows	its	
merits	for	supporting	engineering	design.	As	a	part	of	TRIZ	toolkit,	FAD	is	undoubtedly	capable	
of	supporting	design	creativity.	While	no	existing	taxonomy	was	available	for	design	with	FAD,	
an	artefact	taxonomy	“Mechanism	and	Machine	Element	Taxonomy”	(MMET)	is	created.	For	
the	introduction	of	MMET,	please	refer	to	the	next	chapter.	
Table	3-6	Engineering	design	methods,	representations,	and	taxonomies	
Method	 Representation	 Taxonomy	
Systematic	Approach	 Function	Structure	 RFB,	Design	Repository	
Theory	of	Technical	Systems	
Function,	Organ,	Part	
Structures	
May	adapt	RFB,	Design	
Repository	(W.	E.	Eder,	2012)	
Value	Engineering	 FAST	 N/A	
FBS	Framework	
Function,	Behaviour,	Structure	
Graphs	
N/A	
Graph	Theory*	 Graph	Representation*	 Graph	Specification	Chart*	
TRIZ	 FAD	 MMET**	
QFD*	 Houses	of	Quality	 N/A	
N/A	 Modelica*	 Modelica	Standard	Library*	
*	These	methods/representations/taxonomies	are	not	related	to	functional	reasoning	approaches.	
**	Will	be	introduced	in	Chapter	4.	
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Chapter	4 Mechanism	and	Machine	Element	Taxonomy	
4.1 Introduction	
This	 chapter	 focuses	on	 the	development	of	Mechanism	and	Machine	Element	Taxonomy	
(MMET).	In	section	4.2,	an	empirical	case	study	that	explores	the	need	for	design-supporting	
tools	is	introduced.	The	case	study	investigates	novice,	inexperienced	engineers’	designs	from	
a	 design	 project	 for	 second-year	 mechanical	 engineering	 students	 at	 Imperial	 College	 to	
illustrate	the	reason	for	developing	an	artefact	taxonomy.	Section	4.3	then	 introduces	the	
artefact	taxonomy	developed,	i.e.	the	Mechanism	and	Machine	Element	Taxonomy	(MMET).	
While	the	preliminary	goal	of	MMET	is	to	support	mechanical	design,	its	structure	is	designed	
to	support	other	types	of	engineering	design.	This	introduction	of	MMET	will	first	describe	its	
overall	features	and	then	provide	its	software	interface	and	inquiry	approaches.	
4.2 Design	analysis:	Cordless	hand-tool	
Engineering	design,	as	a	cross-disciplinary	activity,	requires	multiple	skills	to	master.	In	order	
to	equip	students	with	distinct	design	skills,	a	series	of	design	and	manufacturing	coursework	
activities,	including	the	craft	design-make-test	project,	the	transmissions	design	project,	and	
the	mechanism	design	and	making	project,	are	assigned	to	the	first	two	year	undergraduate	
mechanical	 engineering	 students	 at	 Imperial	 College	 London	 (Peter	 Childs,	 McGlashan,	
Gosling,	&	Aurisicchio,	2010;	Peter	Childs	&	Robb,	2010;	Robb,	Flora,	&	Childs,	2009).		
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(a)	Bosch	Isio		 	 	 	 	 (b)	Bosch	ASB	
Figure	4-1	Bosch	Isio	and	ASB,	Images	courtesy	of	Bosch	UK	
This	section	introduces	an	analysis	on	another	course	work	project,	the	designs	of	cordless	
hand-tool,	by	202	year	2	students	in	the	academic	year	2011/12.	The	design	project	asked	
students	to	design	a	cordless	hand-tool	by	going	through	design	stages	from	market	analysis,	
conceptual	 design,	 detailed	 design,	 to	 the	 manufacturing	 process	 design	 and	 final	 cost	
analysis.	Two	reference	models	including	Bosch	Isio	and	ASB	were	introduced	to	the	students,	
as	shown	in	Figure	4-1.	The	students	were	asked	to	design	products	priced	at	40	Euros	for	a	
model	using	a	3.6	V	Li-ion	battery	(Isio)	or	60	Euros	for	a	design	with	a	10.8	V	Li-ion	battery	
(ASB).	The	functional	head	and	the	transmission	of	the	hand-tool	should	be	designed	as	part	
of	the	project	with	the	adaption	of	an	existing	handle,	motor,	and	battery.	It	was	also	required	
that	students	should	utilise	tools	such	as	brainstorming,	issue	based	information	system	(IBIS),	
QFD,	and	evaluation	matrix	for	idea	generation	and	evaluation.	
In	a	previously	published	article,	students’	design	works	were	analysed	in	order	to	examine	
students’	familiarity	of	design	assisting	tools	such	as	brainstorming,	IBIS,	QFD,	and	evaluation	
matrix	 (Jiang,	 Lee,	 &	 Childs,	 2014).	 As	 the	 result,	 the	 study	 seemed	 to	 confirm	 the	
effectiveness	of	these	tools	in	assisting	concept	generation	and	evaluation	at	the	conceptual	
design	 stage.	 However,	 the	 analysis	 considers	 only	 quantity	 of	 the	 concepts	 generated	
without	examining	 the	 inventiveness	of	 the	designs.	While	 the	 students	were	 required	 to	
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present	details	of	their	designs	of	functional	heads	and	transmission	designs,	it	is	possible	to	
evaluate	the	inventiveness	by	examining	the	details	of	the	designs.	This	evaluation	focuses	on	
the	transmission	design	rather	than	the	functional	head	design	because	the	movement	of	a	
functional	head	is	in	fact	controlled	by	the	transmission.		
To	 examine	 the	 inventiveness,	 two	 factors	 will	 be	 utilised	 for	 both	 quantity	 and	 quality	
evaluations.	The	first	factor	is	the	number	of	transmission	concepts	generated	for	the	decided	
functional	head,	as	shown	in	Figure	4-2.	It	can	be	observed	that	more	than	50%	of	students	
were	 able	 to	 develop	 3	 or	 more	 ideas	 for	 the	 functional	 head	 they	 decided	 for	 further	
development.	The	other	factor	is	the	inventiveness	of	the	transmission	concepts.	As	shown	
in	Figure	4-3,	more	than	50%	of	the	transmission	designs	are	simple	gear	transmissions	and	
another	26%	of	designs	are	combinations	of	spur	gears,	plantery	gears,	bevel	gears,	and	cam	
pairs.	Although	most	of	the	students	had	new	transmissions	in	their	designs,	178	out	of	202	
students	adapted	transmission	designs	from	Bosch	and	other	given	examples	as	a	part	or	all	
of	their	transmission	designs.	 In	detail,	137	students	used	a	gear	train,	45	students	used	a	
planetary	gear	set,	24	students	used	a	bevel	gear	set,	and	16	students	uses	a	cam	pair	in	their	
designs.	Only	14	students	combined	example	designs	with	new	design	ideas	and	another	6	
designs	 are	 completely	 new	 without	 adapting	 example	 designs.	 These	 new	 ideas	 are:	
Cylindrical	cam,	Worm	gear,	Ballscrew,	Pinion,	Angular	Miter	Gears,	Crank,	Crank-slider,	Shaft	
coupling,	offset	bearing,	Linkage,	Pulley	system,	Off-set	eccentric	hub,	Power	screw,	and	Rack	
gear.	
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Figure	4-2	Number	of	transmission	concepts	
	
Figure	4-3	Analysis	of	detailed	transmission	designs	
4.2.1 Discussion	
The	analysis	of	student	works	shows	that	only	20,	i.e.	9.9%	of	transmission	designs	delivered	
by	students	contain	new	ideas	while	most	designs	are	adaptive	designs	to	the	ideas	extracted	
from	examples.	Since	most	designs	are	similar	to	the	examples,	it	is	clear	that	the	students	
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were	 bounded	 by	 the	 fixation	 effect,	 i.e.	 their	 creativity	 might	 be	 limited	 by	 the	 given	
examples.	On	this	circumstance,	their	designs	can	be	categorised	by	TRIZ	levels	of	innovation	
as	level	1	designs	because	their	design	solutions	were	extracted	from	obvious,	given	examples.	
On	the	other	hand,	some	of	the	students	exhibited	their	ability	to	utilise	non-given	knowledge	
in	design	by	introducing	new	ideas	into	their	transmission	designs.	This	makes	their	designs	
as	TRIZ	level	2	designs	because	they	utilised	other	transmission	means	into	their	designs.	
For	novice	engineers,	the	influence	of	fixation	effect	is	significant	because	they	may	not	be	
familiar	 with	 the	 knowledge	 of	 accessible	 components	 especially	 when	 the	 examples	 are	
available.	While	a	taxonomy	of	artefact	could	help	novice	engineers	to	search	for	components	
with	 desired	 functions,	 such	 a	 taxonomy	 should	 avoid	 providing	 components	with	whole	
product	design	in	order	to	prevent	fixation	effect,	as	discussed	in	Chapter	3.	
4.3 Mechanism	and	machine	element	taxonomy	
In	 the	 process	 of	 designing	 new	 products,	 one	 of	 the	 essential	 tasks	 for	 engineers	 is	 to	
generate	ideas	that	are	not	only	creative	but	also	useful.	While	engineering	systems	usually	
consist	of	various	components	that	accomplish	certain	function	or	actions,	Google,	Wikipedia	
and	reference	books	may	be	capable	to	provide	such	information.	However,	according	to	the	
analysis	in	section	4.2,	it	seems	that	novice	designers	tend	to	choose	similar	design	structures.	
It	 may	 require	 a	 complete	 undergraduate	 study	 of	 say	 three	 design	 and	 manufacturing	
modules	before	a	novice	engineering	student	can	understand	basic	knowledge	of	machine	
elements.	For	experience	engineers,	a	supporting	tool	that	provides	possible	alternatives	can	
also	help	 them	 to	 escape	 familiar	 designs.	 The	 searched	 results	 suggested	by	Google	 and	
other	 search	 engines	 also	 tend	 to	 prioritise	 searched	 results	 based	 on	 their	 algorithms.	
Theories	 such	 as	 TRIZ	 and	 C-K	 theory	 also	 suggest	 that	 capturing	 ideas	 from	 different	
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knowledge	domains	can	benefit	the	performance	of	innovative	design	activities	(Agogue	et	
al.,	 2011;	Altshuller,	 1984;	Altshuller	 et	 al.,	 1997;	Gadd,	 2011;	A.	Hatchuel	&	Weil,	 2003).	
Therefore,	a	taxonomy	of	artefacts	may	be	helpful	in	both	providing	information	and	assisting	
design	creativity.	
The	 two	 Design	 Repositories	 introduced	 in	 Chapter	 3,	 which	 may	 be	 the	 only	 available	
taxonomies	of	 artefacts	 that	 aim	 to	 support	 functional	 reasoning	design	approaches,	 face	
some	limitations	that	restrict	their	usefulness	 in	generating	ideas	at	the	conceptual	design	
stage.	 The	 first	 is	 the	 use	 of	 function	 taxonomies	 that	 describes	 functions	 with	 limited	
vocabularies,	which	may	restrict	concept	generation,	according	to	the	C-K	theory.	The	second	
is	 its	 data	 structure.	 While	 all	 artefacts	 in	 the	 Design	 Repository	 are	 categorised	 by	 the	
products	containing	them,	it	would	be	highly	possible	that	the	user	could	encounter	a	fixation	
effect	similar	to	the	student	designs	analysed	in	Section	4.2.	
On	the	other	hand,	although	using	FAD	in	design	could	benefit	designers	with	its	ability	of	
representing	both	functional	and	structural	information,	no	taxonomy	is	available	to	support	
a	 design	 approach	 with	 FAD.	 With	 some	 modifications,	 it	 is	 believed	 that	 some	 of	 the	
constructing	principles	of	the	Design	Repository	can	be	applied	as	a	part	of	principles	of	the	
new	taxonomy,	i.e.	mechanism	and	machine	element	taxonomy	(MMET).	
4.3.1 Development	of	the	MMET	software	
The	 taxonomy	 consists	 of	 the	 information	 of	 a	 large	 number	 of	 machine	 elements	 and	
mechanisms.	 This	 information	 includes	 not	 only	 their	 functional	 attributes	 and	 advantage	
analysis	but	also	 their	 comparison	and	 input/output	operands.	A	 spreadsheet	may	not	be	
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convenient	 for	 potential	 users	 to	 inquire	 components.	 Therefore,	 a	MMET	 software	 was	
developed	to	provide	a	convenient	interface	for	the	users.	
The	development	of	the	MMET	software	was	achieved	by	collaboration	between	three	PhD	
candidates	at	the	Design	Engineering	group,	Imperial	College	London.	The	component	data	
recorded	in	the	taxonomy	was	collected	by	Pingfei	Jiang	and	the	author	of	this	thesis.	At	the	
beginning,	 the	 information	 collected	 is	 only	 the	 function	 attributes,	 advantages,	 and	
disadvantages.	After	 literature	analysis,	 it	was	decided	by	 the	author	 to	 include	 input	and	
output	movements	 of	 the	 components,	 and	 then	 expanded	 to	 further	 include	 input	 and	
output	flows	of	the	components	into	the	taxonomy.	Weili	Dai	helped	with	the	C#	coding	to	
develop	the	taxonomy	software	because	the	development	team	(Szu-Hung	Lee	and	Pingfei	
Jiang)	were	both	not	confident	at	C#	at	the	beginning	of	the	project.		
4.3.2 Taxonomy	content	
The	aim	of	establishing	the	Mechanism	and	Machine	Element	Taxonomy	(MMET)	is	to	provide	
a	knowledge	basis	for	the	functional-reasoning	based	design	method	that	incorporates	the	
Functional	Analysis	Diagram	as	its	main	representation.	While	the	preliminary	objective	of	the	
design	method	 it	 to	 support	mechanical	 design,	 the	 component	 information	 provided	 by	
MMET	should	therefore	include	necessary	and	related	information	for	the	components,	such	
as	functional	attributes,	input/output	operands,	and	advantage/disadvantage	analysis.	
4.3.2.1 Mechanisms	and	machine	elements	
The	taxonomy	records	both	mechanisms	and	machine	elements	that	are	available	to	be	the	
smallest	purchasable	function	units	and	does	not	contain	complete	product	designs	to	avoid	
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design	fixation.	The	mechanisms	and	machine	elements	recorded	in	the	taxonomy	include:	
actuators,	belts,	cam	pairs,	gears,	bearings,	brakes,	and	springs,	as	listed	in	Table	4-1.	
Table	4-1	Types	of	mechanisms	and	machine	elements	recorded	in	MMET	
Mechanisms	 Machine	elements	
Clamp	 Shaft	connection	
Cam	 Propeller	
Gear	system	 Actuator	
Ratchet	 Electric	motor	
Geneva	mechanism	 Chain	
Linkage	 Belt	
Clutch	 Bush	
Brake	 Framework	
Bearing	 Wire	rope	
Lever	 Sensor	
Pulley	system	 Spring	
Latch,	toggle,	and	trigger	 Seal	
Chucks	 Joint	
	
In	 order	 to	 support	 a	 functional-reasoning	 design	 method	 that	 utilises	 FAD	 as	 its	
representation,	 which	will	 be	 introduced	 in	 Chapter	 5,	 it	 is	 necessary	 that	MMET	 should	
provide	 the	 following	 information:	 function	 attributes,	 movement	 attributes,	 and	
advantage/disadvantage	analysis.	
4.3.2.2 Input/output	operands		
In	FAD,	interactions	exist	between	not	only	components	but	also	input	and	output	operands	
such	as	material,	signal,	and	energy.	In	order	to	support	a	design	methodology	integrates	the	
use	of	FAD,	MMET	includes	these	operands	as	a	reference	for	the	design	method.	While	the	
operands	are	related	to	the	functional	attributes	of	the	components,	the	operands	of	each	
component	in	MMET	are	assigned	in	order	to	allow	the	user	to	locate	required	components.	
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For	the	function	structure	introduced	in	Chapter	3,	three	flows	including	energy	flow,	material	
flow,	and	signal	flow	are	the	input/output	operands	for	the	function	block	(Pahl	et	al.,	1984).	
Pahl	et	al.	 further	categorised	technical	systems	according	to	their	main	flows.	A	technical	
system	is	categorised	as	apparatus	if	its	main	flow	is	material	flow,	machine	if	its	main	flow	is	
energy	flow,	and	device	if	its	main	flow	is	signal	flow.	However,	kinematics,	i.e.	the	movement	
attribute	without	referencing	force	or	velocity,	is	one	of	the	major	concerns	at	the	conceptual	
design	stage	for	mechanism	design.	According	to	Buchsbaum	and	Freudenstein	(1970),	the	
tasks	of	mechanism	design,	i.e.	surveying	potential	alternative	structures	of	mechanism,	can	
be	benefited	by	separating	kinematics	from	other	functional	considerations	at	the	conceptual	
design	stage.	Therefore,	kinematics	is	recognised	as	one	of	the	flows	that	technical	systems,	
especially	mechanisms,	should	be	able	to	transform	movement	from	one	to	another.	
While	kinematics	is	the	new	operand	proposed	by	this	research,	the	other	flows	of	material,	
signal,	and	material	will	incorporate	the	definitions	from	the	Reconciled	Functional	Basis	(RFB)	
(Hirtz	et	al.,	2002).	
4.3.2.2.1 Kinematics	
Kinematics	of	a	mechanism	or	machine	element,	i.e.	its	movement	function,	is	the	ability	to	
allow	 or	 transform	 motion	 from	 one	 element	 to	 another.	 The	 introduction	 of	 Graph	
representation	 in	Chapter	3	 revealed	 that	 in	addition	 to	 the	 three	operands,	 i.e.	material,	
energy,	 and	 signal,	 a	 kinematic	 attribute	 is	 also	 an	 important	 function	 especially	 for	
mechanisms.	 Therefore,	 a	 movement	 attribute	 is	 recognised	 as	 one	 of	 the	 important	
operands	in	MMET.		
Figure	4-4	shows	a	roller	cam	mechanism	represented	in	FAD	with	movement	attributes.	As	
shown	in	the	FAD,	the	cam	mechanism	is	capable	of	transforming	the	input	rotary	motion	to	
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a	translational	movement.	While	the	operation	plane	of	the	cam	mechanism	is	defined	on	the	
xy	plane	by	the	coordinate,	the	rotational	movement	that	drives	the	cam	can	be	represented	
as	Rz	and	the	translational	output	movement	Ty.	Because	the	taxonomy	will	not	record	whole	
FAD	to	avoid	complications,	the	movement	attribute	here	will	be	recorded	as	Rz	=>	Ty	without	
interactions	and	one	of	the	functional	attributes	of	the	cam	mechanism	can	be	“transform	a	
rotary	movement	 to	a	 translational	movement	on	the	plane	perpendicular	 to	 the	rotation	
axis”.	While	movement	operate	in	the	3-dimension	world	can	be	rotational	or	translational	
movements	 in	 any	 direction,	 the	 movement	 attributes	 are	 simplified	 into	 6	 including	
translations	on	three	axis	(Tx,	Ty,	and	Tz)	and	rotations	about	three	axis	(Rx,	Ry,	and	Rz)	based	
on	the	Cartesian	coordinate	to	provide	an	indication	of	what	the	artefact	can	do	instead	of	
complicated	descriptions.	
					 	
Figure	4-4	Movement	attribute	of	roller	cam	mechanism	represented	in	FAD	
4.3.2.2.2 Material	
Materials	 are	 the	 physical	 objects	 that	 the	 technical	 system	 is	 designed	 to	 handle.	 The	
material	sets	recorded	in	the	RFB	include	human,	gas,	liquid,	solid,	plasma,	and	mixtures	(Hirtz	
et	al.,	2002).	According	to	the	original	definitions,	the	details	of	these	material	sets	are:	
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Human:	refers	to	the	user	or	related	personnel	that	accesses	or	is	effected	by	the	technical	
system.	For	example,	passengers	can	be	a	flow	to	an	automobile,	or	the	driver’s	hand	can	also	
be	a	flow	to	the	steering	wheel.	
Gas:	a	substance	at	the	state	that	has	high	molecular	mobility	and	no	bonding	forces	between	
molecules.	For	example,	the	carbon	dioxide	utilised	for	the	tracer	gas	dilution	method	is	a	gas.	
Liquid:	 a	 substance	 where	 its	 molecules	 are	 able	 to	 move	 freely	 without	 expanding	
indefinitely	 due	 to	 the	 cohesive	 force	 between	molecules.	Water	 and	 liquid	 nitrogen	 are	
examples	of	liquids.		
Solid:		is	a	substance	that	has	firm	shape	such	that	its	molecules	are	bonded	without	moving	
freely.	The	RFB	categorised	solid	into	object,	particulate,	and	composite.	An	object	is	a	solid	
that	is	treated	by	the	technical	system	as	its	target.	For	example,	glass	bottles	on	the	beer	
production	 line	 can	 be	 recognised	 as	 solid	 objects.	 Particulate	 are	 a	 group	 of	 separated	
particles.	Sugar	and	ground	coffee	are	both	particulates	according	to	the	RFB.	Composites	
refer	 to	 a	 combination	 of	 a	 group	 of	 solid	 materials	 that	 still	 remain	 their	 original	
characteristics	 and	 contribute	 their	 advantages.	 An	 example	 of	 a	 composite	 material	 is	
fiberglass-reinforced	 plastic	 (FRP),	 which	 increases	 the	 strength	 of	 the	 plastic	 but	 still	
preserves	the	characteristics	of	both	substances.	
Plasma:	by	subjecting	gas	to	a	high	intensity	of	electric	charge,	the	gas	can	be	transformed	as	
plasma.	It	is	one	of	the	four	fundamental	states	(gas,	liquid,	solid,	plasma)	and	exhibits	some		
gas	 properties	 such	 as	 having	 high	 molecular	 mobility	 and	 no	 bonding	 forces	 between	
molecules.	However,	unlike	gas,	a	plasma	is	good	at	conducting	electricity	and	can	be	affected	
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by	magnetic	fields.	An	application	of	plasma	is	plasma	cutting	by	utilising	an	electric	arc	to	
create	a	plasma	torch	than	can	be	utilised	to	cut	metals.	
Mixture:	a	mixture	is	a	group	of	more	than	one	type	of	gas,	liquid,	and	solid.	For	example,	
sewage	is	a	mixture	of	liquid	and	solid,	concrete	is	a	mixture	of	various	types	of	solids,	and	
the	air	we	breathe	is	a	mixture	of	many	substances	including	oxygen,	nitrogen,	carbon	dioxide,	
pollutant	particles,	and	water	vapour.	
4.3.2.2.3 Signal	
Signals	 are	 utilised	 to	 control	 technical	 systems	 or	 display	 system	 status.	 In	 the	 RFB,	 it	 is	
categorised	 as	 control	 signal	 and	 status	 signal.	 Control	 signals	 are	 used	 to	 regulate	 the	
behaviour	of	technical	systems.	For	example,	moving	a	joystick	can	send	an	analog	signal	to	
the	video	game	console	and	 the	console	will	 transform	 it	 to	discrete	 signal	 to	control	 the	
character	 in	 the	 video	 game.	 While	 the	 analog	 signal	 shows	 a	 continuous	 relationship	
between	its	amplitude	and	time,	the	discrete	signal	has	a	discontinuous	relationship.		
Status	signals	are	utilised	to	monitor	the	status	of	the	technical	system.	There	are	five	types	
of	status	signal.	An	auditory	signal	uses	sound	to	display	the	status.	The	ambulance	siren	is	an	
example	that	uses	an	auditory	signal	to	display	the	emergence.	An	olfactory	signal	is	usually	
related	to	the	particulates	and	smell.	For	example,	odorants	are	added	to	natural	gas	so	that	
people	can	smell	it	if	the	gas	is	leaked.	An	example	of	this	is	the	use	of	odorant	in	natural	gas	
that	could	help	in	detecting	leaks.	A	tactile	signal	is	usually	felt	by	the	sense	of	touch.	It	is	one	
of	the	factors	that	affect	human	experience	to	the	product.	A	taste	signal	is	sensed	by	human’s	
sense	of	taste.	Together	with	olfactory	signals,	it	is	perceived	by	human	as	flavouring.	A	visual	
signal	 is	 used	 to	 visually	 display	 conditions	 of	 the	 system.	 For	 example,	 traffic	 lights	 use	
different	colours	of	light	to	display	different	conditions	of	traffic.		
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4.3.2.2.4 Energy	
In	 the	 RFB,	 Energy	 has	 14	 categories	 including	 Human,	 Acoustic,	 Biological,	 Chemical,	
Electrical,	Electromagnetic-optical	and	solar,	Hydraulic,	Magnetic,	Mechanical-rotational	and	
translational,	Pneumatic,	Radioactive/nuclear,	and	Thermal	(Hirtz	et	al.,	2002;	Stone	&	Wood,	
2000):		
Human	energy:	is	related	to	the	user	who	operates	the	technical	system.	For	example,	input	
devices	for	computers	such	as	keyboards	and	mice	require	human	to	press	the	buttons	or	
move	the	mouse.	
Acoustic	 energy:	 is	 related	 to	 the	 production	 and	 transmission	 of	 sound.	 For	 example,	
ambulances	produce	siren	sound	to	notify	passers-by	about	emergencies.	
Biological	energy:	refers	to	the	work	produced	by	or	connected	with	plants	or	animals.	For	
example,	 carriage	 horses	 consume	 food	 for	 energy	 and	 then	 transform	 biological	 to	 pull	
carriages.	
Chemical	energy:	the	energy	stored	in	substances	that	requires	chemical	reaction	to	release.	
An	example	will	be	the	TNT	bomb,	which	releases	a	huge	amount	of	chemical	energy	when	it	
is	ignited.	
Electrical	energy:	energises	all	types	of	electrical	devices	including	computers,	electrical	cars,	
mobile	phones,	etc.	For	stationary	devices,	it	 is	usually	supplied	by	a	wall	outlet.	While	for	
mobile	devices,	it	is	usually	supplied	by	batteries.	
Electromagnetic	energy	–	optical	and	solar:	is	related	to	electromagnetic	waves	such	as	radio	
waves	and	light.	For	example,	solar	panels	generate	electricity	by	transforming	solar	energy	
	 148	
if	the	intensity	of	received	solar	energy	is	strong	enough	to	trigger	the	photovoltaic	effect	of	
the	solar	panel.	
Hydraulic	energy	and	Pneumatic	energy:	are	two	types	of	fluid	energy	that	utilise	different	
mediums.	 While	 hydraulic	 energy	 is	 produced	 by	 the	 movement	 and	 force	 of	 liquids,	
pneumatic	energy	is	produced	by	gases.	Their	use	varies	according	to	the	environment	and	
required	medium	 properties.	 For	 example,	 the	 required	 output	 force	may	 determine	 the	
selection	of	a	hydraulic	or	pneumatic	cylinder	actuator.		
Table	4-2	Material,	signal,	and	Energy	flows	(adapted	from	Hirtz	et	al.,	2002)	
Material	flow	 Signal	flow	 Energy	flows	
Human	 Auditory	signal	 Human	
Gas	 Olfactory	signal	 Acoustic	
Liquid	 Tactile	signal	 Biological	
Solid-Object	 Taste	signal	 Chemical	
Solid-Particulate	 Visual	signal	 Electrical	
Solid-Composite	 Analog	control	signal	 Electromagnetic-optical	
Plasma	 Discrete	control	signal	 Electromagnetic-solar	
Gas-gas	mixture	 	 Hydraulic	
Liquid-liquid	mixture	 	 Magnetic	
Solid-solid	mixture	 	 Mechanical-rotational	
Solid-liquid	mixture	 	 Mechanical-translational	
Liquid-gas	mixture	 	 Pneumatic	
Solid-gas	mixture	 	 Radioactive/nuclear	
Solid-liquid-gas	mixture	 	 Thermal	
Colloidal	mixture	 	 	
	
Magnetic	energy:	usually	comes	from	magnets	or	electromagnets.	It	 is	widely	used	for	the	
occasions	 that	 require	 temporary	 attachments.	 For	 example,	 modern	 refrigerators	 are	
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legislated	to	utilise	magnets	at	the	doors	to	prevent	the	accidents	that	children	are	locked	
within	refrigerators.	
Mechanical	 energy	 is	 related	 to	 a	 moving	 material	 whether	 it	 exhibits	 translational	 or	
rotational	motion.	Mechanical	energy	may	exhibit	as	force	and	linear	velocity	for	translational	
motion,	or	torque	and	angular	velocity	for	rotational	motion.		
Radioactive/nuclear	 energy:	 is	 the	 energy	 generated	 by	 nuclear	 fission	 or	 fusion.	 It	 is	 the	
energy	utilised	in	nuclear	power	plants	to	generate	electricity.			
Thermal	energy:	is	the	energy	that	usually	is	transformed	from	higher-temperature	objects	to	
lower-temperature	objects.	For	example,	a	kettle	is	capable	of	transforming	electrical	energy	
into	thermal	energy	that	increases	the	temperature	of	water.	
4.3.2.3 Functional	attributes	
In	MMET,	functional	attributes	of	each	mechanism	or	machine	element	are	recorded	in	order	
to	support	the	design	method	with	FAD	as	its	representation.	While	the	definition	of	function	
in	FAD,	according	to	Gadd	(2011)	and	Aurisicchio	et	al.	(2013),	is	the	action	performed	by	the	
subject	that	applied	on	the	object,	function	can	be	expressed	in	a	Subject-action-Object	form	
that	 both	 the	 subject	 and	 the	 object	 are	 usually	 expressed	 by	 nouns	 and	 the	 action	 is	
represented	by	a	verb.	The	vocabularies	of	functions	from	the	RFB	cannot	be	applied	here	as	
the	 sole	 resource	 of	 describing	 functional	 attributes	 because	 it	 lacks	 the	 description	 of	
subjects.	 The	descriptions	of	 these	 functional	 attributes	 can	be	natural	 language	with	 the	
mechanism	or	the	machine	element	as	their	subjects.	As	shown	in	Table	4-3,	the	functional	
attributes	of	a	bevel	gear	set	can	be:	“Adjust	angular	velocity	from	input	shaft	to	output	shaft,”	
“Transfer	 rotation	 from	 input	 shaft	 to	output	 shaft,”	 “Transfer	 torque	 from	 input	 shaft	 to	
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output	shaft,”	“Change	the	angle	of	axis	of	rotation	from	input	to	output,”	“Rotate	output	
shaft",”	and	“Adjust	torque	from	input	shaft	to	output	shaft.”	
4.3.2.4 Advantages	and	disadvantages	
One	 of	 the	merits	 of	 using	 FAD	 in	 design	 is	 its	 ability	 to	 display	 both	 useful	 and	 harmful	
interactions	 and	 this	 can	 help	 designers	 to	 locate	 risks	 and	 make	 improvements.	 As	 the	
supporting	taxonomy	for	FAD,	one	of	MMET’s	objectives	is	to	provide	referencing	information	
for	evaluating	benefits	and	risks.	While	components	under	the	same	category	are	evaluated	
based	on	the	same	criteria,	this	information	can	be	further	utilised	to	compare	components	
with	similar	I/O	operands	or	functional	attributes.		
Table	4-3	Input/output	operands,	functional	attributes,	advantages	and	disadvantages	of	a	
bevel	gear	
Bevel	gear	
Input/output	
operands	
Input	 Output	
Rx	 Rz	
Ry	 Rz	
Rx	 Ry	
Rz	 Ry	
Ry	 Rx	
Rz	 Rx	
Mechanical	energy	-	rotational	 Mechanical	energy	-	rotational	
Functional	
attributes	
Adjust	angular	velocity	from	input	shaft	to	output	shaft	
Transfer	rotation	from	input	shaft	to	output	shaft	
Transfer	torque	from	input	shaft	to	output	shaft	
Change	the	angle	of	axis	of	rotation	from	input	to	output	
Rotate	output	shaft	
Adjust	torque	from	input	shaft	to	output	shaft	
Advantages/	
disadvantages	
Advantage	 Disadvantage	
Can	adjust	output	angular	speed	and	
torque	
Must	be	precisely	mounted	
Low	heat	generation	 Significant	force	to	the	shaft	bearing	
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4.3.3 Taxonomy	data	structure	
In	order	to	allow	the	taxonomy	date	to	be	inquired	by	not	only	the	component	names	but	
also	 input/output	 flows	 and	 functional	 attributes,	 the	 information	 of	 the	 components	 is	
therefore	splited	into	the	following	nine	tables:		
1. Components:	include	component	names	and	their	IDs	
2. Functions:	include	functional	attributes	and	their	IDs	
3. Functions_Component:	the	relationships	between	functional	attributes	and	components	
4. Flows:	include	flows	and	their	IDs	
5. FlowIO_Component:	components	and	their	input/output	flows	
6. Category:	names	and	hierarchy	of	component	categories,	and	IDs	
7. Category_Component:	the	relationships	between	categories	and	components		
8. ComponentAdvDisadv:	list	of	components’	advantages	and	disadvantages	
9. ComponentsConnecting:	components	that	could	be	connected	but	not	available	form	I/O	
flow	relationships	
The	 relationships	 between	 these	 tables	were	 setup	 according	 to	 the	planned	 information	
display	and	search	interfaces,	as	shown	in	Figure	4-5.	The	details	of	MMET’s	user	interfaces	
and	data	flow	diagrams	will	be	introduced	in	the	next	section.	
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Figure	4-5	Table	relationships	in	the	MMET		
4.3.4 Taxonomy	interfaces	
The	taxonomy	software	provides	five	interfaces	to	display	component	information	and	allow	
various	 approaches	 to	 search	 components.	 The	 five	 interfaces	 are:	 the	 main	 interface,	
component	 information,	 categories	 and	 components	 editor,	 functions	 and	 component	
mapping	editor,	and	component	I/O	editor.		
4.3.4.1 Main	interface	
The	main	interface	of	MMET,	as	shown	in	Figure	4-6,	has	three	sectors	that	provide	different	
applications.	In	the	first	sector,	it	is	provided	with	three	options	that	allow	the	user	to	search	
required	 components.	 The	 second	 area	 shows	 the	 list	 of	 inquiry	 results.	 The	 third	 area	
provides	three	options	for	the	user	to	edit	MMET	data.	While	the	details	will	be	introduced	
later,	the	data	flow	diagram	of	these	options	can	be	roughly	illustrated	as	shown	in	Figure	4-
7.	
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Figure	4-6	Main	interface	
	
Figure	4-7	Flow	diagram:	main	interface	
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4.3.4.1.1 Search	sector	of	the	main	interface	
The	search	sector	is	developed	in	order	to	provide	a	search	interface	for	the	designers	who	
adapt	FAD	as	the	design	representation.	It	provides	three	search	options	based	on	this	need:	
(1)	 search	 by	 component	 names,	 (2)	 search	 by	 input	 and	 output	 flows,	 (3),	 search	 by	
functional	attributes.		
1. Search	by	component	names	
The	process	of	searching	components	by	names	is	intuitive.	As	shown	in	Figure	4-8,	the	
user	is	required	to	input	the	name	of	the	component	for	the	search	results.	After	input	
the	component	name,	the	MMET	software	will	check	if	any	component	matches	and	then	
list	the	results.	
	
Figure	4-8	Flow	diagram:	component	search	by	names	
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2. Search	by	input	and	output	flows	
The	number	of	 input	and	output	 flows	 in	 the	 taxonomy	 is	 fixed,	as	 listed	 in	Table	4-2.	
Therefore,	 the	 search	 of	 components	 can	 be	 fulfilled	 by	 selecting	 required	 input	 and	
output	flows	from	the	list,	as	shown	in	Figure	4-9.	
	
Figure	4-9	Flow	diagram:	component	search	by	I/O	flows	
3. Search	by	functional	attributes	
Because	the	number	of	functional	attributes	recorded	in	the	taxonomy	is	larger	than	the	
number	of	I/O	flows,	it	may	not	be	efficient	for	the	user	to	simply	select	an	attribute	from	
the	list.	As	shown	in	Figure	4-10,	two	search	approaches	are	available.	If	the	user	wants	
to	search	with	keywords	first,	the	software	could	list	the	functional	attributes	that	match	
the	search	keywords	for	the	user	to	select.	If	the	user	does	not	know	any	keyword,	it	is	
still	possible	to	select	a	desired	functional	attribute	from	the	list.	
	 156	
	
Figure	4-10	Flow	diagram:	component	search	by	functional	attributes	
4.3.4.1.2 Component	category	editor	
The	component	category	editor	is	the	interface	where	the	user	edits	the	relationship	between	
categories	and	components,	i.e.	which	category	should	a	component	belongs	to.	As	shown	in	
Figure	 4-11,	 the	 editor	 allows	 user	 to	 edit	 the	 tree	 structure	 of	 categories	 and	 move	
component	from	one	category	to	another	by	cutting	and	pasting.	The	user	can	also	add	new	
components	or	delete	components.		
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Figure	4-11	Component	category	editor	
Figure	4-12	shows	how	the	component	category	editor	works.	While	the	editor	is	designed	to	
edit	 not	 only	 components’	 categories	 but	 also	 the	 list	 of	 categories,	 the	 editor	 involves	
reading	and	modifying	tables	including	the	“Category”	table	and	the	“Category_Component”	
table.	
	
Figure	4-12	Flow	diagram:	component	category	editor	
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4.3.4.1.3 Component	function	editor	
Figure	4-13	shows	the	component	function	editor.	The	editor	allows	the	user	to	add	functions	
to	the	component	by	ticking	existing	functional	attributes.	The	editor	also	has	options	for	the	
user	to	delete	and	modify	existing	attributes,	and	further	create	new	functional	attributes.	
	
Figure	4-13	Component	function	editor	
Figure	 4-14	 shows	 the	 flow	diagram	of	 the	 component	 function	 editor.	 The	 editor	 is	 also	
designed	 to	 be	 able	 to	 modify	 both	 the	 list	 of	 functions	 and	 components’	 functions.	
Therefore,	the	editor	involves	reading	and	modifying	data	in	the	“Functions”	table	and	the	
“Functions_Component”	table.	
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Figure	4-14	Flow	diagram:	component	function	mapping	editor	
4.3.4.1.4 Component	I/O	editor	
The	 component	 I/O	 editor	 allows	 the	 user	 to	 examine	 the	 input	 and	 output	 flows	 of	
components.	As	shown	in	Figure	4-15,	the	editor	provides	options	for	the	user	to	select	new	
input	and	output	flow	for	the	components	and	delete	existing	I/O	combinations.	
	 160	
	
Figure	4-15	Component	I/O	editor	
Figure	 4-16	 shows	 the	 flow	diagram	of	 the	 component	 I/O	 editor.	Unlike	 the	 former	 two	
editors,	this	editor	only	aims	to	edit	the	I/O	flows	of	the	component	selected.	This	is	because	
the	list	flows	is	fixed	as	shown	in	section	4.3.2.2.	Therefore,	the	editor	involves	only	reading	
and	modifying	the	“FlowIO_Component”	table.	
	
Figure	4-16	Flow	diagram:	component	I/O	editor	
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4.3.4.2 Component	information	
By	double-clicking	a	searched	result	in	the	main	interface,	the	component	information	form	
will	pop	up	to	display	information	for	the	selected	component.	The	component	information	
form,	as	shown	in	Figure	4-17,	provides	all	necessary	information	for	the	user	to	design	and	
construct	an	FAD	at	the	conceptual	design	stage.	The	items	displayed	are	component	image,	
functional	 attributes,	 input	 and	 output	 flows,	 and	 advantages	 and	 disadvantages.	 The	
component	 information	 form	 further	provides	 suggestions	of	 alternative	 components	 and	
potential	 connections.	 If	 a	 functional	 attribute	 or	 a	 pair	 of	 input	 and	 output	 operands	 is	
selected,	 the	 components	with	 the	 same	 functional	 attribute	 or	 input/output	 pair	will	 be	
displayed.	The	form	further	shows	two	lists	of	components	that	may	be	capable	of	delivering	
or	receiving	the	input	and	output	operand	of	the	component	shown	in	the	form.	
	
Figure	4-17	Component	information	
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Figure	4-18	shows	the	flow	diagram	of	the	component	information	interface.	The	interface	
possesses	 both	 searching	 and	 editing	 options,	 which	 are	 going	 to	 be	 introduced	 in	 the	
following	subsections.	
	
Figure	4-18	Flow	diagram:	component	information	
4.3.4.2.1 Search	for	similar	components	
1. Components	with	similar	functional	attributes	
In	 the	component	 information	 interface,	 the	 functional	attributes	of	 the	component	 if	
listed.	If	the	user	selected	a	functional	attribute,	the	MMET	software	would	search	into	
the	Functions_Component	 table	within	MMET	database	 to	 check	 if	 other	 components	
with	the	same	functional	attribute	exist.	The	data	flow	diagram	is	shown	in	Figure	4-19.	
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Figure	4-19	Flow	diagram:	components	with	similar	functional	attributes	
2. Components	with	similar	input	and	output	flows	
The	 interface	 also	 shows	 all	 supported	 pairs	 of	 input/output	 flows	 supported	 by	 the	
component.	By	selecting	one	pair	of	I/O	flows,	the	MMET	software	will	return	with	a	list	
of	components	the	supports	the	same	pair	of	I/O	flows.	
	
Figure	4-20	Flow	diagram:	components	with	similar	input	and	output	flows	
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3. Components	can	be	connected	(according	to	the	I/O	flows)	
Based	on	the	pair	of	I/O	flows	selected,	the	MMET	software	is	also	able	to	give	the	user	
its	 suggestion	of	how	 the	 component	 can	be	 connected.	As	 shown	 in	Figure	4-21,	 the	
MMET	software	searches	in	the	FlowIO_Component	table	to	verify	if	there	is	any	other	
component	 has	 a	 output/input	 flow	 that	 matches	 the	 input/output	 of	 the	 current	
component	shown	in	the	component	information	interface.	
	
Figure	4-21	Flow	diagram:	components	can	be	connected	
4.3.4.2.2 Edit	component	information	
The	editing	in	the	component	information	interface	is	simple.	Unlike	the	main	interface,	these	
editing	options	do	not	link	to	other	editor	interfaces.	The	user	can	directly	modify	information	
of	 the	 component	 by	 interacting	with	 the	 component	 information	 interface,	 as	 shown	 in	
Figure	4-22		
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Figure	4-22	Flow	diagram:	edit	component	information	
4.3.5 Discussion	
MMET	 is	 developed	 to	 support	 functional-reasoning	 tasks	 of	 conceptual	 design.	 Although	
both	MMET	and	the	Design	Repository	are	attempting	to	support	functional-reasoning	design	
methods,	evidence	is	available	to	suggest	that	these	two	taxonomies	are	quite	different.		
Table	4-4	shows	a	list	of	the	differences	between	the	two	taxonomies.	The	first	difference	is	
that	 they	 are	 developed	 based	 on	 different	 definitions	 of	 function	 because	 they	 support	
different	 functional-reasoning	 representations.	 The	 Design	 Repository	 was	 established	 to	
support	 design	 with	 the	 function	 structure,	 a	 functional-reasoning	 representation	 that	
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defines	function	as	“the	intended	input/output	relationship	of	a	system	whose	purpose	is	to	
perform	a	task	(Pahl	et	al.,	1984).”	Thus	the	functions	exhibited	in	the	Design	Repository	all	
follow	the	form	of	“action	(verb)	+	subject	(noun)”	where	the	subjects	are	limited	to	the	input	
and	output	flows	of	the	system.	On	the	other	hand,	MMET	aims	to	support	design	with	FAD,	
a	 functional-reasoning	 representation	 that	 incorporate	 structural	 information	 with	 it.	
Although	the	form	of	function	in	FAD	may	also	be	“action	(verb)	+	subject	(noun),”	the	context	
is	different.	Unlike	function	structure,	FAD	does	not	limit	the	subject	of	an	action	–	it	can	be	
both	input/output	flows	of	the	system,	or	another	entity	(system	or	component).	
Table	4-4	A	comparison	between	Design	Repository	and	MMET	
	 Design	Repository	 MMET	
Functional-reasoning	
representation	
Function	structure	 FAD	
Definition	of	Function	
The	intended	input/output	
relationship	of	a	system	whose	
purpose	is	to	perform	a	task	
(Pahl	et	al.,	1984).	
Subject’s	ability	to	change	
object.	(Gadd,	2011)	
Expression	of	Function	 Action	(verb)	+	Flow		
Action	(verb)	+	Object	(flow	or	
another	component)	
Function	vocabulary	 RFB	 Natural	language	
Flow	vocabulary	 RFB	 RFB	+	kinematics	
Connecting	component	
Defined	according	the	system	
where	the	component	belongs	
to	
Two	suggestions,	one	is	based	
on	the	I/O	flows,	another	is	
based	on	the	workability	
Advantage/disadvantage	
analysis	
N/A	 Yes	
	
The	two	taxonomies	further	differentiate	from	each	other	according	to	the	vocabularies	they	
used	to	describe	functions.	In	the	Design	Repository,	functions	are	completely	described	by	
	 167	
the	vocabularies	provided	by	the	RFB.	However,	 in	MMET,	the	verbs	from	the	RFB	are	not	
useful	 in	 describing	 actions	 because	 the	 subject	 of	 an	 action	 can	 be	 another	 component.	
Therefore,	MMET	adapts	only	flows	from	the	RFB	as	the	reference	for	input/output	flows.	For	
functions,	MMET	provides	sentences	in	natural	language	as	functional	attributes,	which	can	
be	 utilised	 to	 establish	 FADs	 of	 systems.	 To	 further	 support	 this,	 MMET	 also	 possesses	
advantages	and	disadvantages	of	components	that	can	be	useful	in	FAD’s	analysis	of	useful	
and	harmful	actions.	
In	addition	 to	 the	above	differences,	 the	 two	 taxonomies	also	have	different	 strategies	 in	
connecting	 suggestions.	 The	 Design	 Repository	 suggests	 only	 designed	 connecting	
components	because	it	is	established	by	analysing	technical	systems	one	after	another	and	
all	 the	 designs	 are	 fixed.	On	 the	other	 hand,	 the	 components	 recorded	 in	MMET	 are	 not	
related	to	any	designated	systems.	MMET	suggests	connecting	components	in	two	different	
ways.	One	suggestion	 is	made	by	matching	 input	and	output	 flows	of	 the	component.	For	
example,	a	gear	that	requires	torque	as	its	input	will	be	suggested	to	connect	a	motor	that	
could	 output	 torque.	 Another	 suggestion	 is	 based	 on	 the	 components	 that	 need	 to	work	
together	in	order	to	perform	the	functional	attributes.	For	example,	a	gear	will	normally	need	
to	be	joined	with	a	shaft	to	perform	its	functions.	
4.4 Chapter	summary	
This	chapter	has	introduced	a	case	study	that	supports	the	idea	of	constructing	a	taxonomy	
of	 artefacts	 and	 the	 construction	of	 such	a	 taxonomy,	 i.e.	MMET.	 For	 the	 case	 study,	 the	
transmission	designs	 from	a	group	of	student’s	design	course	work	was	analysed	 for	 their	
innovative	 level	 by	 comparing	 to	 the	 given	 examples.	 It	 was	 found	 that	 most	 students	
delivered	 designs	 similar	 to	 the	 examples.	While	 this	 fixation	 effect	 can	 be	 overcome	 by	
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expanding	knowledge	space,	according	to	the	C-K	theory,	MMET	is	constructed	in	order	to	
serve	as	the	knowledge	expander.		
On	the	other	hand,	MMET	also	aims	to	support	the	conceptual	design	method	which	utilised	
FAD	as	its	representation.	In	order	to	fulfil	the	aim,	MMET	possesses	information	than	can	be	
used	for	constructing	FADs,	i.e.	functional	attributes,	input/output	operands,	and	advantages	
and	 disadvantages.	While	 the	 design	method	 is	 applied	 into	 real	 design	 case	 studies,	 the	
design	method	and	these	case	studies	will	be	introduced	in	the	next	chapters.	
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Chapter	5 Conceptual	 Design	 enabled	 by	 the	 Functional	 Analysis	 Diagram	
approach	and	Mechanism	and	Machine	Element	Taxonomy	
5.1 Introduction	
Functional	reasoning	representations,	as	 introduced	in	Chapter	3,	have	been	developed	to	
represent	design	ideas	at	the	conceptual	design.	Among	all	representations	introduced,	the	
Functional	Analysis	Diagram	(FAD)	from	TRIZ	is	the	only	one	that	has	the	ability	to	represent	
both	functional	and	structural	information.	It	is	therefore	able	to	support	new	product	design	
from	the	beginning	of	the	conceptual	design	stage	to	the	end	of	the	detailed	design	stage.	
However,	although	FAD	is	frequently	utilised	for	design	improvement	because	of	its	problem	
solving	origins	in	TRIZ,	FAD	is	rarely	utilised	for	designing	new	products.	A	design	supporting	
taxonomy,	the	Mechanism	and	Machine	Element	Taxonomy	(MMET)	introduced	in	Chapter	
4,	 was	 developed	 to	 provide	 a	 knowledge	 source	 of	 both	 design	 improvement	 and	 new	
product	design	with	FAD.	The	supporting	tool	and	the	representation	require	a	methodology	
to	integrate	them	for	both	design	improvement	and	new	product	design.	
In	this	chapter,	a	design	optimisation	process	and	a	new	product	conceptual	design	process	
that	 utilise	 FAD	 and	 MMET	 as	 the	 design	 representation	 and	 supporting	 tool	 will	 be	
introduced.	For	the	design	optimisation	process,	the	blade	drive	module	of	an	electric	lawn	
mower	will	be	utilised	as	the	case	study	showing	how	FAD	and	MMET	can	be	used	for	making	
design	 improvements.	As	an	example	of	an	application	 to	new	product	design,	 the	design	
methodology	has	been	applied	to	a	conceptual	design	project	of	surgical	platform	design.	
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5.2 Design	improving	process	with	FAD	and	MMET	
FAD,	an	essential	tool	for	TRIZ	functional	analysis	that	substitutes	the	Substance-field	analysis,	
has	been	utilising	for	locating	system	weakness.	Gadd	(2011)	provided	a	five-step	process	of	
functional	analysis	that	produces	FAD	and	applied	the	process	to	some	design	examples	such	
as	a	razor	blade	and	pouch	package	design.	Aurisicchio	et	al.	(2013)	also	used	FAD	to	analyse	
the	useful	and	harmful	interactions	within	a	water	pump	and	compared	FAD	with	the	function	
structure.		
On	the	other	hand,	the	analysis	of	207	students’	design	works	discussed	in	Chapter	4	reveals	
a	need	for	a	taxonomy	of	artefact	that	helps	engineers	to	search	for	components	with	desired	
functions.	While	the	MMET	is	developed	to	support	FAD	in	both	design	improvements	and	
new	product	designs,	this	section	focuses	on	the	application	of	MMET	in	design	improvement.	
5.2.1 Design	improvement	process	with	FAD	and	MMET	
As	introduced	in	Chapter	3,	Gadd	(2011)	proposed	a	six-step	process	for	functional	analysis	in	
order	to	integrate	FAD	with	her	problem	solution	method:	
7. List	all	 interactions	for	all	components	of	the	system	in	the	form	of	Subject-action-
Object	
8. Construct	FAD	by	assembling	all	interactions	and	components	
9. If	 the	 system	 has	 time-dependent	 variances	 and	 the	 variances	 are	 critical	 to	 the	
problem,	construct	time-based	FADs	
10. List	system	problems	including	harmful,	insufficient,	and	contradictory	actions	for	all	
components	in	the	form	of	Subject-action-Object	
11. Perform	trimming	actions	for	components	with	problems	
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12. Apply	TRIZ	76	standard	solutions	to	solve	the	problem	
By	following	the	process,	FAD	can	be	constituted	from	components	and	applied	to	the	whole	
system.	 In	 the	 above	 process,	 components	 are	 the	 subjects	 and	 the	 objects	 of	 actions.	
However,	the	studies	of	Gadd	(2011)	and	Aurisicchio	et	al.	(2013)	both	have	FAD	examples	
that	have	liquid	material	as	the	subject	or	object	of	an	action.	Since	liquid	material	is	not	one	
of	the	components	but	a	type	of	flow,	according	to	the	Reconciled	Function	Basis	(RFB),	 it	
indicates	 the	 potential	 application	 of	 FAD	 to	 include	 flows.	While	 flows	 such	 as	material,	
energy,	and	signal	can	all	cause	changes	to	components	or	other	flows	in	engineering	systems,	
flows	can	also	be	the	subjects	and	objects	in	the	S-a-O	form	of	functions	in	FADs,	as	shown	in	
Figure	5-1.		
	
Figure	5-1	Functional	analysis	diagram	with	flows	
On	the	other	hand,	the	Mechanism	and	Machine	Element	Taxonomy	(MMET),	a	database	of	
components,	has	been	developed	in	order	to	provide	a	knowledge	source	of	components	for	
design	 with	 functional	 analysis.	 While	 MMET	 records	 components’	 input/output	 flows,	
functional	attributes,	and	analysis	of	advantages	and	disadvantages,	it	is	able	to	support	the	
whole	problem	solving	process	 from	useful	action	analysis,	harmful	action	analysis,	 to	 the	
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step	of	trimming.	Therefore,	the	six-step	process	proposed	by	Gadd	can	be	modified	as	the	
following	process:	
1. Interaction	analysis	of	components	and	construct	FAD	
2. Interaction	analysis	of	components	and	main	flows,	and	construct	FAD	
3. If	 the	 system	 has	 time-dependent	 variances	 and	 the	 variances	 are	 critical	 to	 the	
problem,	construct	time-based	FADs	
4. List	system	problems	including	harmful,	insufficient,	and	contradictory	actions	for	all	
components	in	the	form	of	Subject-action-Object	
5. Search	for	solutions	
a. Search	for	alternative	components	(from	MMET)	
b. Apply	the	re-arranged	TRIZ	76	standard	solutions	
The	original	step	3	has	now	been	merged	into	step	1	and	step	2.	I.e.	if	the	system	has	time-
dependent	variances	and	the	variances	are	critical	to	the	problem,	construct	time-based	FADs	
at	step	1	and/or	step	2.	On	the	other	hand,	the	original	step	5	and	step	6	are	now	merged	
together	because	both	alternative	component	 searching	and	solution	 searching	 should	be	
performed	simultaneously.	In	the	next	subsection,	the	blade	module	of	a	lawn	mower	will	be	
introduced	as	a	case	study	of	how	the	process	can	be	applied	to	improve	existing	designs.	
5.2.2 Design	improvement	of	the	blade	module	of	a	lawn	mower	
The	Bosch	Rotak	40,	as	shown	 in	Figure	5-2,	 is	an	electrical	 lawn	mower.	While	the	major	
function	of	 the	 lawn	mower	 is	 to	cut	 lawn	grass	by	means	of	a	 revolving	blade,	 the	blade	
module	 is	where	 the	major	 function	 is	 carried	out.	 The	blade	module	of	 the	Rotak	40,	 as	
shown	 in	Figure	5-3,	has	components	 including	a	plug,	a	power	cord,	a	universal	motor,	a	
		 173	
plastic	 frame,	a	Poly	V-belt	 transmission,	a	pulley,	 two	 shafts,	 two	bearings,	 a	brake	 shoe	
actuated	by	a	spring,	a	impeller	plate,	and	four	fixing	screws.	
	
Figure	5-2	Bosch	lawn	mower	Rotak	40	(Bosch,	2011)	
In	a	conversation	with	Bosch’s	engineers,	they	pointed	out	that	the	major	technical	issue	they	
were	concerned	with	at	the	point	of	this	study	was	the	vibration	and	the	noise	generated	by	
the	 lawn	 mower.	 On	 the	 other	 hand,	 the	 manual	 of	 the	 lawn	 mower	 also	 provides	 the	
information	of	the	magnitude	of	vibration	and	noise	generated	by	the	product,	and	the	EU	
regulation	on	the	sound	power	lever	of	the	product’s	noise.	Through	the	functional	analysis	
process,	the	blade	module	can	be	examined	for	the	cause	of	the	vibration	and	noise.		
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Figure	5-3	Blade	module	of	the	lawn	mower	
5.2.2.1 Step	1:	Interaction	analysis	of	components	and	construct	FAD	
This	first	step	of	problem	solving	follows	the	traditional	method	to	construct	the	FADs,	i.e.	
the	FADs	with	only	components	and	their	interactions.		
5.2.2.1.1 FAD-1:	Useful	action	analysis	of	components	
The	first	step	of	constructing	the	FAD	is	to	list	all	the	actions	delivered	by	the	components.	As	
shown	in	Table	5-1,	the	useful	actions	are	described	in	the	form	of	Subject-action-Object	and	
therefore	the	functions	of	subjects	will	be	in	the	form	of	action-Object.	After	assembling	all	
these	S-a-Os,	a	FAD	with	only	useful	actions	can	be	constructed.	As	shown	in	Figure	5-4,	the	
useful	interactions	between	components	are	all	listed	in	the	FAD.	However,	it	is	not	easy	to	
identify	the	lawn	mower’s	critical	interactions	that	deliver	the	main	function	because	these	
critical	 interactions	 are	 shown	 with	 the	 other	 interactions.	 Furthermore,	 because	 the	
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transfers	 and	 the	 effects	 of	 energy	 are	 expressed	 by	 the	 actions,	 there	 is	 not	 enough	
information	for	designers	to	fully	understand	the	system.	
Table	5-1	List	of	useful	actions	of	components	
Subject	 à action	 à	 Object	
Plug	 à	 draw	in	electricity	 à	 Power	cord	
Power	cord	 à	 provide	electricity	 à	 Universal	motor	
Universal	motor	 à	 rotate	 à	 Input	shaft/pulley	
Input	shaft/pulley	 à	 drive	 à	 Poly	V-belt	
Input	shaft/pulley	 à	 rotate	 à	 Impeller	
Input	shaft/pulley	 à	 locate	 à	 Poly	V-belt	
Input	shaft/pulley	 à	 locate	 à	 Impeller	
Impeller	 à	 cool	 à	 Universal	motor	
Poly	V-belt	 à	 rotate	 à	 Output	pulley	
Output	pulley	 à	 rotate	 à	 Output	shaft	
Output	pulley	 à	 locate	 à	 Poly	V-belt	
Output	shaft	 à	 rotate	 à	 Blade	
Output	shaft	 à	 locate	 à	 Output	pulley	
Output	shaft	 à	 locate	 à	 Blade	
Blade	 à	 cut	 à	 Lawn	
Fixing	screws	x	4	 à	 fix	 à	 Universal	motor	and	Frame	
Brake	 à	 stop	 à	 Output	pulley	
Spring	 à	 push	 à	 Brake	
Spring	 à	 push	 à	 Frame	
Bearing	1	 à	 allow	rotation	between	 à	 Input	shaft/pulley	and	Frame	
Bearing	2	 à	 allow	rotation	between	 à	 Output	shaft	and	Frame	
Frame	 à	 locate	 à	 Universal	motor	
Frame	 à	 locate	 à	 Bearing	1	
Frame	 à	 locate	 à	 Bearing	2	
Frame	 à	 locate	 à	 Spring	
Frame	 à	 locate	 à	 Brake	
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Figure	5-4	FAD-1:	FAD	of	the	blade	module	(useful	actions	only)	
5.2.2.1.2 FAD-2:	Harmful	action	analysis	of	components	
This	step	focuses	on	the	harmful	actions	that	could	potentially	affect	the	outer	environment,	
the	users,	and	the	performance	of	the	system.	According	to	the	analysis,	the	harmful	actions	
between	the	components	of	the	motor	module	are	noise,	vibration,	and	particle	pollutions,	
as	listed	in	Table	5-2.	After	assembly	of	the	FAD-1	shown	in	Figure	5-4,	a	complete	FAD,	FAD-
2,	with	both	useful	and	harmful	actions	is	available,	as	shown	in	Figure	5-5.	Note	that	here	
the	useful	actions	“locate“	are	neglected	to	avoid	confusion.	FAD-2	allows	designers	to	locate	
the	positions	where	the	design	risks	may	occur.	However,	FAD-2	also	lacks	the	information	of	
energy	and	particle	generated.	This	prevents	designs	from	further	locating	the	system	issues.		
Table	5-2	List	of	harmful	actions	of	components	
Subject	 à action	 à	 Object	
Universal	motor	 à	 heat	 à	 Universal	motor	
Universal	motor	 à	 vibrate	 à	 User	
Universal	motor	 à	 be	noisy	to	 à	 User	
Output	pulley	and	
Brake	
à	 (generate	particles	to)	
pollute	
à	 Universal	motor,	
Impeller	
Lawn	 à	 blunt	 à	 Blade	
Brake	 à	 slow	down	 à	 Output	pulley	
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Figure	5-5	FAD-2:	FAD	of	the	blade	module,	with	useful	and	harmful	actions	
5.2.2.2 Step	2:	Interaction	analysis	of	components	and	flows,	and	construct	FAD	
FAD	has	 the	ability	 to	 represent	 flows	 such	as	movement,	material,	energy,	and	signal.	 In	
order	to	provide	detailed	information	to	assist	designers	in	locating	critical	factors	of	potential	
system	problems,	 flows	and	 their	 interactions	 to	 the	 components	within	 the	 lawn	mower	
should	also	be	included	in	the	FAD.		
This	 step	 aims	 to	 transform	 the	 information	 in	 FAD-2	 into	 a	 FAD	 that	 records	 both	
components	 and	 flows,	 i.e.	 FAD-3.	 Since	 the	 useful	 and	 the	 harmful	 actions	 between	
components	were	already	analysed	 in	FAD-2,	 it	 is	possible	 for	designers	to	 identify	critical	
parts	of	system	that	requires	further	analysis	of	flows.	As	shown	in	Table	5-3	and	Table	5-4,	
both	 useful	 and	 harmful	 actions	 between	 components	 and	 flows	 are	 analysed.	 After	 the	
interaction	analysis	is	complete,	FAD-3	can	be	constructed,	as	shown	in	Figure	5-6.	However,	
not	all	actions	in	FAD-2	are	transformed,	only	useful	actions	related	to	main	flows	and	harmful	
actions	are	recorded	in	FAD-3.	Some	useful	actions,	e.g.	‘locate’,	are	also	excluded	in	FAD-3	
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because	they	are	not	directly	related	to	the	main	flows.	On	the	other	hand,	the	analysis	of	
some	 useful	 or	 harmful	 actions	may	 only	 be	 available	 at	 this	 step	 because	 the	 flows	 are	
essential	 for	 the	 analysis.	 For	 example,	 one	 of	 the	 impeller’s	 useful	 function,	 i.e.	 push	
pollutant	away,	can	only	be	revealed	when	the	air	flow	is	analysed.	Another	example	is	that	
the	noise	and	vibration	are	caused	by	the	unbalance	generated	by	Universal	motor,	Output	
pulley,	Brake	and	Force	1.	
Table	5-3	List	of	useful	actions	of	components	and	flows	
Subject	 à action	 à	 Object	
Plug	 à	 import	 à	 AC	power	
Power	cord	 à	 transmit	 à	 AC	power	
AC	power	 à	 actuate	 à	 Universal	motor	
Universal	motor	 à	 transform	 à	 AC	power	
Universal	motor	 à	 generate	 à	 Torque	1	
AC	power	 à	 become	 à	 Torque	1	
Torque	1	 à	 rotate	 à	 Input	shaft/pulley	
Poly	V-belt,	Input	shaft/pulley	
and	Output	pulley	
à	 transform	 à	 Torque	1	
Torque	1	 à	 become	 à	 Torque	2	
Spring	 à	 generate	 à	 Force	1	
Force	1	 à	 push	 à	 Brake	and	Frame	
Brake	and	Output	pulley	 à	 transform	 à	 Force	1	
Force	1	 à	 become	 à	 Friction	torque	
Friction	torque	 à	 stop	 à	 Output	shaft	and	Output	pulley	
Torque	3	 à	 rotate	 à	
Output	pulley,	Output	shaft,	
and	Blade	
Blade	 à	 transform	 à	 Torque	3	
Torque	3	 à	 become	 à	 Force	3	
Blade	and	Force	3	 à	 cut	 à	 Lawn	
Impeller	 à	 generate	 à	 Air	pressure	
Air	pressure	 à	 push	 à	 Polluted	air	
Air	pressure	 à	 draw	 à	 Fresh	air	
Fresh	air	 à	 cool	 à	 Universal	motor	
Fresh	air	 à	 decrease	 à	 Heat	
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Table	5-4	List	of	harmful	actions	of	components	and	flows	
Subject	 à action	 à	 Object	
Output	pulley	and	
Brake	
à	 produce	 à	 Powder	
Impeller	 à	 draw	in	 à	 Powder	
Powder	 à	 mix	 à	 Air	
Powder	and	Air	 à	 become	 à	 Polluted	air	
Polluted	air	 à	 pollute	 à	 Universal	motor	
Universal	motor	 à	 generate	 à	 Heat	
Heat	 à	 affect	performance	 à	 Universal	motor	
Universal	motor,	
Output	pulley,	Brake	
and	Force	1	
à	 generate	 à	 Noise	
Universal	motor,	
Output	pulley,	Brake	
and	Force	1	
à	 generate	 à	 Vibration	
Noise	and	Vibration	 à	 annoy	 à	 User	
Friction	torque	 à	 decrease	 à	 Torque	2	
Friction	torque	and	
Torque	2	
à	 become	 à	 Torque	3	
Brake	and	Force	1	 à	 push	 à	 Output	pulley	
	
	
Figure	5-6	FAD-3:	FAD	of	the	blade	module	with	flows	
		 180	
While	the	FAD-3	shows	both	useful	and	harmful	actions,	the	analysis	reveals	a	contradictory	
issue.	The	friction	torque	between	the	brake	and	the	output	pulley	provides	a	useful	action	
that	stops	the	rotation	of	the	output	pulley	and	the	output	shaft.	However,	the	design	of	the	
brake	actuation	is	a	spring	that	keeps	pushing	the	brake	to	the	pulley	when	the	blade	module	
is	turned	on.	While	the	harmful	action	is	not	desired	during	the	operation	of	the	blade	module,	
the	useful	action	is	an	essential	function	of	the	design.	This	is	a	time-dependent	variance	of	
the	system.	Therefore,	a	step-3	interaction	analysis	is	needed	for	the	deeper	understanding	
and	further	improvements	of	the	design.	
5.2.2.3 Step	3:	Construct	time-based	FADs	(if	necessary)	
The	idea	arose	of	constructing	time-based	FADs	is	to	analyse	the	system	if	the	system	has	
time-dependent	 variances.	 While	 the	 analysis	 of	 the	 brake	 revealed	 that	 it	 has	 a	 time-
dependent	variance	in	its	functions,	constructing	FADs	for	all	variances	of	its	functions	can	be	
useful	in	clarifying	the	potential	issues.	
In	step	2,	it	was	identified	that	the	brake	has	two	different	functions.	The	first	function,	which	
is	desired,	 is	 to	stop	 the	output	pulley	and	 the	output	shaft	 from	rotation	when	 the	 lawn	
mower	is	turned	off,	as	shown	in	Figure	5-7.	The	second	function,	which	is	unwanted	as	a	
harmful	action,	decreases	the	torque	output	of	the	blade	module	when	the	lawn	mower	is	
turned	on	and	causing	noise	and	vibration	due	to	unbalance.	As	the	result,	some	of	the	useful	
actions	related	to	the	brake,	spring,	and	friction	torque	are	recognised	as	harmful	actions,	as	
shown	in	Figure	5-8.	
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Figure	5-7	FAD	of	the	blade	module	when	it	is	turned	off	
	
Figure	5-8	FAD	of	the	blade	module	when	it	is	turned	on	
5.2.2.4 Step	4:	List	system	problems	
According	to	the	analysis	from	step	1	to	step	3,	the	system	problem,	unnecessary	load	due	to	
the	friction	from	the	brake	during	operation,	can	be	identified.	As	shown	in	Figure	5-9,	Force	
1	generated	by	the	spring	pushes	the	brake	to	the	output	pulley	and	then	generates	kinematic	
friction	torque	that	decreases	the	torque	transmitted	from	the	V-belt	and	pulleys.	While	the	
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braking	function	 is	not	needed	when	the	blade	module	 is	running,	this	friction	 load	to	the	
system	is	not	necessary.	
	
Figure	5-9	FAD	of	the	problem:	Unnecessary	load	
5.2.2.5 Step	5:	Search	for	solutions	
In	this	step,	the	aim	is	to	look	for	solutions.	Two	possible	resources	of	solutions	are	available.	
The	 first	 one	 is	 to	 search	 for	 alternative	 components	 in	MMET	 introduced	 in	 Chapter	 4.	
Another	resource	is	the	TRIZ	76	standard	solutions	that	could	provide	suggestions	on	problem	
solving.	
The	 issue	 ‘unnecessary	 load’	 results	 from	 the	 unwanted	 brake	 function	 when	 the	 blade	
module	is	operating.	As	shown	in	Figure	5-10,	the	brake	is	continuously	pushed	toward	the	
output	pulley	by	the	spring.	However,	it	is	not	suitable	to	simply	remove	the	brake	because	it	
is	necessary	for	the	blade	module	to	stop	when	it	is	turned	off.	On	the	other	hand,	replacing	
the	 current	 brake	 design	 with	 other	 types	 of	 brake	 may	 not	 be	 practical	 and	 increase	
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unnecessary	cost	because	of	the	simplicity	of	the	original	brake	design.	Therefore,	the	next	
step	is	to	search	the	re-arranged	TRIZ	76	standard	solutions	for	problem	solving	ideas.	
	
Figure	5-10	Schematic	drawing	of	the	brake	
According	to	the	re-arranged	TRIZ	76	standard	solutions,	two	solutions	may	be	useful	for	the	
problems.	The	first	is	solution	H.1.5:	remove	the	object	after	performing	the	useful	action,	i.e.	
remove	 the	 brake	 after	 it	 has	 performed	 the	 useful	 action	 “stop	 the	 output	 pulley.”	 The	
second	 is	solution	H.2.1:	create	an	opposing	action	that	counteracts	the	harmful	action	to	
eliminate	the	harmful	action.	These	suggested	solutions	can	be	applied	with	“separation	in	
time,”	 one	 of	 the	 four	 TRIZ	 separation	 principles	 introduced	 in	 Chapter	 2.	 The	 functional	
requirement	of	the	brake	function	here	can	be	divided	into	two	sequences:	
1.	When	the	blade	module	 is	 turned	off,	 the	brake	 is	 required	 to	stop	 the	 rotation	of	 the	
output	pulley.	
2.	When	the	blade	module	is	turned	on,	it	is	required	to	remove	the	brake	from	the	position	
where	it	functions.	
Since	the	original	design	already	includes	the	functional	requirement	in	sequence	1,	it	is	the	
requirements	in	sequence	2	that	needs	to	be	fulfilled.	To	counteract	the	force	1	generated	by	
the	spring	at	sequence	2,	another	force	is	required.	Since	the	blade	module	is	turned	on,	the	
		 184	
input	AC	power	can	be	utilised	to	generated	the	counteract	force	required.	As	shown	in	Figure	
5-11,	a	component	that	is	able	to	transform	AC	power	to	translational	mechanical	energy	is	
required	to	provide	the	counter	force	to	the	force	1.		
	
Figure	5-11	Partial	FAD	of	the	brake	function	
After	 searching	 in	 MMET,	 two	 types	 of	 actuator	 including	 electromagnetic	 actuator	 and	
solenoid	actuator	are	suitable	for	being	able	to	generate	translational-mechanical	energy	by	
transforming	AC	power.	Figure	5-12	(a)	shows	the	partial	FAD	of	the	two	components.	While	
the	comparison	of	the	two	actuators	in	Table	5-5	shows	that	although	both	actuators	have	
some	 disadvantages,	 when	 they	 are	 implemented	 into	 applications	 dealing	 with	 higher	
loading,	these	disadvantages	does	not	make	them	disqualified	to	be	implemented	into	the	
blade	module	because	the	loading	of	the	brake	is	not	high	enough	to	raise	the	temperature	
of	the	electromagnetic	actuator	or	exceed	the	output	limit	of	the	solenoid	actuator.		
On	the	other	hand,	one	of	the	advantage	of	the	electromagnetic	actuator	is	its	ability	provide	
contactless	remote	actuation.	It	can	be	implemented	by	separating	itself	as	an	electromagnet	
and	a	paramagnetic	brake,	as	shown	in	Figure	5-12	(b)	(partial)	and	Figure	5-13	(full	module).		
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(a)	Electromagnetic	actuator/Solenoid	actuator	
	
(b)	Implementation	of	the	electromagnet	
Figure	5-12	Partial	FADs	for	electromagnetic	actuator	and	electromagnet	
Table	5-5	Comparison	between	electromagnetic,	solenoid,	and	magnet	actuator	
	 Advantage	 Disadvantage	
Electromagnetic	
actuator	
Can	increase	power	by	increase	current	
Repeatable	
High	actuation	force	and	stroke	
Direct,	fully	linear	transduction	
Bi-directional	actuation	
Contactless	remote	actuation	
Temperature	rises	when	current	increase	
Temperature	rises	during	each	cycle	
Force	decrease	when	temperature	rises	
Burned	out	if	cycled	too	fast	
Solenoid	actuator	 Widely	used	in	industry	
Quick	operation	
Easier	to	install	than	fluid	actuators	
Only	capable	of	producing	small	force	
Only	two	positions	
	
The	 solution	 changes	 the	 material	 of	 the	 brake	 to	 be	 paramagnetic	 and	 integrates	 an	
electromagnet	so	that	a	simple	electromagnetic	actuator	is	integrated	to	the	original	blade	
module.	While	operating,	the	integrated	electromagnetic	actuator	generates	electromagnetic	
force	to	attract	the	paramagnetic	brake	and	diminishes	the	force	generated	by	the	spring	to	
pull	 the	 brake	 from	 contacting	 the	 output	 pulley.	 Therefore,	 no	 friction	 torque	 will	 be	
		 186	
generated	to	increase	the	loading	to	the	system.	On	the	other	hand,	the	unbalance	caused	by	
force	1	is	also	diminished.	This	improves	the	noise	and	vibration	issue.	
	
	
Figure	5-13	FAD	of	a	possible	solution	with	a	electromagnet	and	a	paramagnetic	brake	
5.2.3 Discussion	
The	above	case	study	shows	how	the	design	improvement	process	with	FAD	and	MMET	works.	
Although	the	FAD	with	both	useful	and	harmful	actions	of	the	flows	may	seem	to	be	more	
complicated,	 it	 is	able	to	demonstrate	more	information	and	therefore	 it	 is	clearer	for	the	
designer	to	understand	the	system’s	weaknesses.	The	flexibility	of	FAD	to	choose	to	represent	
all	interactions	or	only	selected	interactions	at	the	critical	point	allows	FAD	to	adapt	problem-
solving	tasks	that	requires	different	depth	of	functional	analysis.	
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The	case	study	also	shows	 that	applying	MMET	and	 the	TRIZ	76	standard	solutions	at	 the	
solution-finding	 step	 is	 helpful.	 While	 the	 taxonomy	 provides	 a	 resources	 for	 alternative	
components,	the	TRIZ	76	standard	solutions	allows	them	to	generate	ideas.	Since	searching	
in	MMET	and	applying	TRIZ	76	standard	solutions	both	 involve	alternative	generation	and	
evaluation,	it	is	possible	these	two	steps	may	repeat	for	several	times,	as	shown	in	Figure	5-14.	
	
Figure	5-14	Searching	for	solutions	
5.3 New	product	design	with	FAD	and	MMET	
FAD	 has	 been	 utilised	 by	 the	 TRIZ	 practitioners	 as	 the	 functional	 representation	 in	 the	
problem	 solving	 process.	 However,	 it	 has	 not	 yet	 been	 considered	 for	 application	 in	 new	
product	design	processes.		
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As	 discussed	 in	 Chapter	 3,	 FAD	 can	 support	 design	 stages	 from	 conceptual	 design,	
embodiment	design,	 to	detailed	design.	While	other	 tools	 such	as	CAD	drawings	and	CAE	
analysis	are	needed	at	the	embodiment	design	stage	and	detailed	design	stage,	the	design	
work	at	the	conceptual	design	stage	can	be	fully	supported	by	FAD.		
This	 section	 introduces	 a	 new	product	 design	method	 that	 utilises	 FAD	 as	 the	 functional-
analysis	representation	and	MMET	 in	support	of	design.	While	several	diverse	design	case	
studies	are	required	to	validate	a	new	product	design	process,	a	conceptual	design	project	of	
surgical	platform	design	is	introduced	here	as	an	example	of	how	the	process	can	be	applied	
to	a	design	with	kinematics	as	its	main	flow.	
5.3.1 New	product	design	process	with	FAD	and	MMET	
The	new	product	design	process	with	FAD	and	MMET	has	seven	design	steps:	
1. Design	requirement	analysis	
a. The	 first	 step	 of	 the	 new	 product	 design	 is	 always	 dealing	 with	 design	
requirements	
b. Determine	the	main	flow	
According	to	the	main	flow,	the	type	of	FADs	can	be	determined	as	follows:	
• KFAD:	for	the	design	with	kinematics	as	its	main	flow.	
• EFAD:	for	the	design	with	energy	as	its	main	flow.		
• MFAD:	for	the	design	with	material	as	its	main	flow.	
• SFAD:	for	the	design	with	signal	as	its	main	flow.		
2. Establish	Preliminary	FAD	
a. Establish	preliminary	FAD	for	the	main	flow	
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This	represents	the	design	requirements	in	the	form	of	FAD.	
3. Establish	FADs	with	components	
a. Search	for	components	in	the	MMET	
According	to	the	main	flows,	components	can	be	selected	from	MMET.		
b. Establish	FADs	with	searched	components	
4. Preliminary	layouts	of	designs	
The	above	new	product	design	process	 is	developed	to	support	generic	designs.	However,	
different	 types	of	design	have	different	design	 requirements.	The	process	can	be	adapted	
according	to	the	design	requirements.	In	the	next	subsection,	the	process	is	adapted	for	the	
conceptual	 design	 of	 operating	 tables	 which	 step	 3	 and	 step	 4	 are	 repeated	 for	 both	
generating	partial	designs	and	the	assembling	of	the	partial	designs	generated.		
5.3.2 Case	study:	conceptual	design	of	operating	tables	
An	operating	table,	or	a	surgical	platform,	is	a	key	equipment	of	modern	hospitals	that	has	a	
surface	to	support	patient	bodies	during	surgical	procedures.	While	surgeons	usually	have	to	
move	patients’	bodies	to	different	position	for	the	operation,	an	operating	table	is	required	
to	possess	the	function	to	change	the	position	of	the	patient	body	to	the	positions	and	hold	
still	during	the	surgical	operation.		On	the	other	hand,	the	ergonomic	requirements	for	open	
surgery	 and	 laparoscopic	 surgery	 are	 different.	 Because	 the	 instruments	 for	 laparoscopic	
surgery	are	longer	than	open	surgery,	the	optimum	height	of	the	operating	table	surface	for	
laparoscopic	 surgery	 should	 be	 lower	 (Berquer,	 Smith,	 &	 Davis,	 2001;	 Manasnayakorn,	
Cuschieri,	&	Hanna,	2008;	Matern,	Waller,	Giebmeyer,	Rückauer,	&	Farthmann,	2001;	van	
Veelen,	Kazemier,	Koopman,	Goossens,	&	Meijer,	2002).	In	order	to	accommodate	different	
types	 of	 operation	 including	 open	 and	 laparoscopic	 surgery	 and	 provide	 surgeons	
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ergonomically	comfortable	operating	environment,	the	height	of	the	operating	table	should	
also	be	adjustable.	
There	are	two	types	of	operating	tables,	operating	table	systems	and	mobile	operating	tables	
(Burnett,	Clift,	&	Clift,	2009).	For	operating	 table	 systems,	 the	 tabletops	are	 supported	by	
fixed	pedestal	bases	and	therefore	it	is	required	that	the	tabletops	should	be	interchangeable.	
For	mobile	operating	tables,	the	tabletops	are	fixed	to	the	pedestal	bases	and	the	pedestal	
bases	are	equipped	with	wheels	and	brakes	so	they	are	able	to	move	and	fixed.		
The	tabletops	of	both	types	of	operating	tables	usually	have	four	segments	including	head,	
upper	torso,	lower	torso,	and	leg	sections.	According	to	the	types	of	operation	procedure,	the	
tabletops	are	required	to	adjust	its	segments	to	different	position	so	that	the	patient	bodies	
can	 be	 placed	 to	 specific	 operating	 positions.	 Therefore,	 one	 of	 the	 main	 functional	
requirements	of	operating	tables	is	 its	ability	to	change	its	formation	from	one	position	to	
another.	
The	following	case	study	focuses	on	the	conceptual	design	of	an	operating	table.	While	the	
tabletop	is	required	to	have	the	ability	to	support	various	operating	positions,	the	focus	of	
the	conceptual	design	will	be	 the	development	of	various	approaches	 to	achieve	required	
positions.	
5.3.2.1 Step	1:	Design	requirement	analysis	
5.3.2.1.1 Step	1a:	Design	requirements	
According	 to	 the	British	standard	 (1987)	and	NHS	buyer’s	guide	 (Burnett	et	al.,	2009),	 the	
tabletop	of	an	operating	table	should	be	able	to	be	adjusted	to	several	positions.	As	shown	in	
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Table	5-6,	these	positions	are	developed	for	various	medical	purposes	and	can	be	summarised	
as	follows:	
1. Height	adjustability	
In	 order	 to	 accommodate	 different	 requirements	 of	 operation	 including	 open	 and	
laparoscopic	surgery	and	the	heights	of	surgeons,	the	height	of	the	tabletop	should	be	
adjustable.	The	height	of	the	tabletop	excluding	the	thickness	of	the	mattress	should	
be	650	mm	minimum	and	the	adjustment	should	be	no	less	than	200	mm	upwards.	
2. Trendelenburg	position	
The	Trendelenburg	position	is	utilised	to	prevent	shock	by	lowering	patient’s	head	and	
lifting	patient’s	feet.	According	to	the	British	standard,	the	tabletop	should	be	able	to	
lower	the	head	end	and	elevate	the	leg	end	for	at	least	35°	and	no	exceeds	45°.	The	
operating	table	should	be	able	to	lower	the	tabletop	from	horizontal	to	35°	within	8	
seconds.	
3. Reverse	Trendelenburg	position	
The	reverse	Trendelenburg	position	 is	usually	utilised	to	reduce	venous	oozing	and	
choking	 while	 performing	 surgery	 on	 patient’s	 head	 or	 neck	 position	 by	 lowering	
patient’s	 feet	 and	 elevating	 patient’s	 head.	 The	 position	 is	 opposite	 to	 the	
Trendelenburg	position.	According	to	the	British	standard,	the	tabletop	should	be	able	
to	lower	the	leg	end	and	elevate	the	head	end	for	at	least	35°	and	no	exceeds	45°.	The	
operating	table	should	be	able	to	lower	the	tabletop	from	horizontal	to	35°	within	8	
seconds.	
4. Lateral	tilt	
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Lateral	tilt	adjusts	the	patient’s	body	to	face	the	surgeon	so	that	the	surgeon	can	have	
better	 access	 to	 it.	 An	 operating	 table	 asked	 to	 be	 able	 to	 tilt	 either	 clockwise	 or	
counter	clockwise	for	at	least	15°	but	does	not	exceed	20°.	
5. Break-back	point	flexion	and	extension	
These	two	positions	allow	surgeons	to	better	approach	patients’	bodies	during	back,	
kidney,	and	bladder	surgery.	As	shown	in	Table	5-6,	the	tabletop	should	be	able	to	
move	 all	 sections	 above	 or	 under	 the	 horizontal	 at	 the	 break-back	 point.	 For	 the	
position	above	the	horizontal,	i.e.	flexion	position,	the	tabletop	should	be	capable	of	
flexion	to	130°.	For	the	position	under	the	horizontal,	the	tabletop	should	be	capable	
of	extension	to	220°.	
6. Chair	position	
The	chair	position	allows	the	patient	to	maintain	the	sitting	position	on	the	tabletop.	
While	no	folding	angles	are	specified	to	the	sections,	the	ability	of	the	operating	table	
to	be	adjusted	to	the	chair	position	will	depend	on	the	ability	of	the	sections.	
7. Head	section	
The	head	section	should	be	able	to	adjust	downwards	for	45°	and	upwards	for	20°.	In	
addition	to	the	adjustability,	 it	 is	further	required	that	the	mechanism	should	allow	
quick	releasing,	self-locking,	and	be	able	to	override	the	adjustment	control.	
8. Leg	section	
According	 to	 the	 British	 standard,	 the	 leg	 section	 should	 be	 able	 to	 be	 adjusted	
downwards	for	at	least	100°.	In	addition	to	the	British	standard,	the	leg	section	should	
also	be	able	to	be	adjusted	upwards.	
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Table	5-6	Operating	table	positions	(BSI,	1987;	Burnett	et	al.,	2009)	
Required	positions	 Specification	
Height	adjustability	 650	mm	~	850mm	
	
	
Trendelenburg	&	reverse	Trendelenburg	 35°	~	45°	
	
	
Lateral	tilt	 15°	~	20°	
	
	
Break-back	point	flexion	 130°	
	
	
Break-back	point	extension	 220°	
	
	
Chair	position	 Not	specified	
	
	
Head	section	 45°	downwards	and	20°	upwards	
	
	
Leg	section	 ≥100°	downwards	
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5.3.2.1.2 Step	1b:	Setup	design	goal	and	determine	the	main	flow	
According	to	the	product	design	specification	listed	in	Table	5-6,	the	operating	table	should	
allow	and	provide	six	different	movements	between	different	sections,	the	pedestal,	and	the	
base.	While	the	jointing	position	of	the	pedestal	and	the	tabletop	can	be	at	either	the	upper-
torso	section	or	the	jointing	position	between	upper-torso	section	and	lower-torso	section,	
there	are	two	possible	configurations,	as	shown	in	Figure	5-15.		
	
(a)	configuration	A:	the	pedestal	joints	the	tabletop	at	the	upper-torso	section	
	
(b)	configuration	B:	the	pedestal	joints	the	tabletop	at	the	point	between	two	torso	sections	
Figure	5-15	Kinematic	requirements	translated	from	operating	table	positions	
As	shown	in	Figure	5-15,	the	six	movements	required	for	the	operating	table	are:	
1. Vertical	movement	Ty	that	lift	the	tabletop	
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2. Rotational	movement	Rz	1	that	allows	the	operating	table	to	achieve	Trendelenburg	
and	reverse	Trendelenburg	positions	
3. Rotational	movement	Rx	that	allows	lateral	tilt	of	the	tabletop	
4. Rotational	movement	Rz	2	that	allows	the	tabletop	to	bend	at	the	break-back	point	to	
achieve	flexion	and	extension	positions	
5. Rotational	movement	Rz	3	for	the	flip-up	and	flip-down	position	of	the	head	section	
6. Rotational	movement	Rz	4	for	the	leg	section	so	that	it	can	move	downwards	and	flip-
up	for	the	chair	position	
While	the	operating	table	relies	on	the	six	movements	to	achieve	its	functional	requirements,	
the	main	flow	of	the	designing	technical	system	can	be	determined	as	kinematics.	Therefore,	
the	conceptual	design	process	can	be	started	with	preliminary	KFADs.	
5.3.2.2 Step	2:	Establish	Preliminary	FAD	
The	objective	of	this	step	is	to	generate	preliminary	FADs	according	to	the	requirements.	
5.3.2.2.1 Step	2a:	Establish	partial	FADs	for	the	main	flow	
Step	1	determined	that	 the	main	 flow	of	 the	operating	 table	 is	kinematics.	Therefore,	 the	
preliminary	 FADs	 established	 at	 this	 step	will	 be	 KFADs.	 On	 the	 other	 hand,	 because	 the	
movement	requirements	can	be	independent	to	each	other,	the	establishment	of	preliminary	
KFADs	can	be	started	with	constructing	partial	KFADs.	
The	partial	KFADs	of	the	movements	are	illustrated	as	follows:	
1. Vertical	movement	Ty	
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It	 is	 required	 that	 the	 height	 of	 the	 tabletop	 can	 be	 adjusted	 to	 adapt	 different	 types	 of	
surgical	 procedure	 and	 heights	 of	 surgeons.	 This	 vertical	 movement,	 i.e.	 translational	
movement	along	Y	axis	(Ty),	can	be	generated	by	a	mechanism	that	is	actuated	by	an	input	
flow,	as	shown	in	Figure	5-16.	The	mechanism	should	be	able	to	transform	the	input	flow	to	
the	vertical	movement	Ty	so	that	the	vertical	distance	between	the	tabletop	and	the	base	of	
the	operating	table,	i.e.	the	height,	can	be	increased.	
	
Figure	5-16	Partial	KFAD	for	the	vertical	movement	
2. Trendelenburg	and	reverse	Trendelenburg	positions	Rz	1	
The	 Trendelenburg	 and	 reverse	 Trendelenburg	 positions	 require	 a	mechanism	 to	 provide	
rotational	actuation	about	the	X	axis.	This	actuation	can	be	achieved	by	a	mechanism	that	
provides	Rz	movement,	as	shown	in	Figure	5-17.	
	
Figure	5-17	The	partial	KFADs	for	Trendelenburg	and	reverse	Trendelenburg	movements	
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3. Lateral	tilt	Rx	
Similar	 to	 the	Trendelenburg	movement,	 lateral	 tilt	 can	be	achieved	by	a	mechanism	that	
provides	rotational	movement	about	X	axis.	As	shown	in	Figure	5-18,	the	mechanism	should	
be	able	to	generate	movement	Rx	to	rotate	the	tabletop.	
	
Figure	5-18	The	partial	KFAD	for	the	lateral	tilt	movement	
4. Break-back	flexion	and	extension	Rz	2,	head	flip	Rz	3,	and	leg	flip	Rz	4		
These	three	movement	requirements	can	be	categorized	as	the	same	because	they	can	all	be	
achieved	by	mechanisms	capable	of	generating	rotation	around	Z	axis.	As	shown	in	Figure	
5-19,	the	mechanism	should	be	able	to	rotate	the	moving	section	about	Z	axis	and	leave	the	
reference	section	unmoved.	
	
Figure	5-19	Partial	KFAD	for	Table	break,	head	and	leg	flap	movements	
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5.3.2.2.2 Step	2b:	Idea	generation	for	alternatives	
Based	on	the	partial	KFADs	from	the	last	step,	alternative	ideas	can	be	further	generated	using	
the	morphological	analysis	approach.	
1. Vertical	movement	Ty	
Instead	of	using	a	mechanism	that	could	directly	generate	a	vertical	movement,	utilising	two	
rotational	mechanisms	and	a	linkage	could	also	increase	the	height	of	tabletop.	However,	an	
unwanted	translation	along	X	axis	will	be	generated.	Therefore	an	additional	mechanism	that	
produces	Tx	is	required	to	neutralise	the	unwanted	translation,	as	shown	in	Figure	5-20.	
	
(a)	schematic	drawing	
	
(b)	partial	KFAD	
Figure	5-20	An	alternative	design	for	the	vertical	movement	
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2. Trendelenburg	and	reverse	Trendelenburg	positions	Rz	
In	addition	to	rotating	the	tabletop	directly,	the	rotational	movement	can	also	be	achieved	by	
two	mechanisms	that	provide	different	levels	of	Ty.	While	one	mechanism	generates	Ty	and	
the	other	mechanism	generate	insufficient	Ty,	the	tabletop	can	be	rotated,	as	shown	in	Figure	
5-21	 (a)	and	 (b).	On	 the	other	hand,	 since	 the	 insufficient	 translational	movement	 can	be	
simply	 stationary,	 it	 is	 possible	 to	 replace	 it	 by	 a	 revolute	 joint	 that	 allows	 rotational	
movement,	as	shown	in	Figure	5-21	(c)	and	(d).	
	
(a)	schematic	drawing	of	the	design	with	two	mechanisms	generating	Ty	
	
(b)	partial	KFAD	of	the	design	with	two	mechanisms	generating	Ty	
Figure	5-21	Alternative	partial	KFADs	for	Trendelenburg	and	reverse	Trendelenburg		
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(c)	schematic	drawing	of	the	design	with	one	mechanism	generating	Ty	and	one	revolute	
joint	
	
(d)	partial	KFAD	of	the	design	with	one	mechanism	generating	Ty	and	one	revolute	joint	
Figure	5	22	Alternative	partial	KFADs	for	Trendelenburg	and	reverse	Trendelenburg	
(continued)	
	
3. Lateral	tilt	Rx	
Similar	to	the	Trendelenburg	movement,	lateral	tilt	can	also	be	achieved	by	two	unbalanced	
translational	movements	 to	 create	 the	 rotational	movement	 required	or	one	 translational	
movement	and	one	revolute	joint,	as	shown	in	Figure	5-22.	
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(a)	schematic	drawing	of	the	design	with	two	mechanisms	generating	Ty	
	
(b)	partial	KFAD	of	the	design	with	two	mechanisms	generating	Ty	
	
(c)	schematic	drawing	of	the	design	with	one	mechanism	generating	Ty	and	revolute	joint	
	
(d)	partial	KFAD	of	the	design	with	one	mechanism	generating	Ty	and	revolute	joint	
Figure	5-22	Alternative	partial	KFADs	for	the	lateral	tilt	movement	
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(a)	schematic	drawing	of	the	design	with	two	mechanisms	generating	Tx	
	
(b)	with	two	mechanisms	generating	Tx	
	
(c)	schematic	drawing	of	the	design	with	one	mechanism	generating	Tx	and	revolute	joint	
	
(d)	with	one	mechanism	generating	Tx	and	revolute	joint	
Figure	5-23	Alternative	partial	KFADs	for	break-back,	head	and	leg	flap	movements	
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4. Break-back	flexion	and	extension	Rz	2,	head	flip	Rz	3,	and	leg	flip	Rz	4	
Because	 the	 three	movement	 requirements	 are	 all	 rotations,	 it	 is	 possible	 to	 achieve	 the	
rotational	movements	by	pairing	a	translational	movement	with	an	insufficient	translational	
movement,	as	shown	in	Figure	5-23.	
5. Combined	movement	
While	the	above	KFADs	are	suitable	for	both	configurations	A	and	B,	an	alternative	design	for	
break-back	flexion	and	extension	movement	is	available.	As	shown	in	Figure	5-24,	the	break-
back	 flexion	can	be	achieved	by	using	 three	mechanisms	 to	uplift	 lower-torso	section	and	
upper-torso	section	separately.	
	
(a)	schematic	drawing	
	
(b)	KFAD	
Figure	5-24	Partial	KFAD	for	break-back	flexion	and	extension	
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5.3.2.2.3 Step	2c:	Preliminary	KFAD	
The	complete	preliminary	KFAD	can	be	established	by	assembling	the	partial	KFADs.	As	listed	
in	Table	5-7,	all	the	six	movement	requirements	can	be	achieved	by	more	than	one	approach.	
While	there	are	two	possible	formations	and	more	than	one	possible	option	to	each	of	the	six	
movement	 requirements,	 a	 seven-digit	 design	 code	 can	 be	 utilise	 to	 identify	 different	
combinations.	 The	 seven-digit	 code	 can	 be	 represented	 as	 CVTLBHF	 where	 C	 represents	
configuration,	 V	 represents	 options	 of	 vertical	 movement,	 T	 represents	 options	 of	
Trendelenburg	movement,	 L	 represents	 lateral	 tilt,	 B	 represents	 break-back,	H	 represents	
head	flip,	and	F	represents	leg	flip.	
For	example,	for	design	code	A111111,	the	first	digit	represents	the	configuration	A	is	utilised	
and	the	other	six	digits	represent	the	selected	options	of	the	six	movement	requirements	are	
all	 option	 1.	 By	 integrating	 the	 options	 of	 the	 movement	 requirements	 based	 on	 the	
configuration	A,	the	complete	preliminary	of	design	A111111	can	be	established,	as	shown	in	
Figure	5-25.	
Table	5-7	Options	of	the	configuration	and	movement	requirements	
#	 Movement	 Option	1	 Option	2	 Option	3	 Option	4	
C	 Configuration	 A	 B	 	 	
V	 Vertical	movement	 Ty	 Rz	1	+	Rz	2	+	Tx	 	 	
T	 Trendelenburg	 Rz	 Ty	1	+	Ty	2	 Ty	1	+	Rev.	Joint	 	
L	 Lateral	tile	 Rx	 Ty	1	+	Ty	2	 Ty	1	+	Rev.	Joint	 	
B	 Break-back	flexion	and	extension	 Rz	 Tx	1	+	Tx	2	 Tx	1	+	Rev.	Joint	 Ty	1	+	Ty	2	+	Ty	
3	
H	 Head	flip	 Rz	 Tx	1	+	Tx	2	 Tx	1	+	Rev.	Joint	 	
F	 Leg	flip	 Rz	 Tx	1	+	Tx	2	 Tx	1	+	Rev.	Joint	 	
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Figure	5-25	Preliminary	KFAD	for	design	A111111	
5.3.2.3 Step	3:	Establish	partial	FADs	with	components	
The	objective	of	this	step	is	to	fetch	the	components	that	could	fulfil	the	requirements	and	
establish	FADs	with	the	components.	
5.3.2.3.1 Step	3a:	Possible	input	flows	
The	partial	KFADs	specify	the	output	flows	of	the	mechanisms	or	machine	elements	required	
for	the	movement	requirements.	With	the	use	of	the	MMET,	it	is	possible	to	list	possible	input	
flows	that	can	be	transformed	to	the	required	movements	by	components.	For	example,	the	
output	movement	can	be	achieved	by	transforming	the	input	flows	including	electrical	energy,	
rotational	movements,	hydraulic	or	pneumatic	energy,	and	another	Ty,	as	listed	in	Table	5-8.		
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Table	5-8	Possible	inputs	for	single	movements	
Movement	 1	 2	 3	 4	 5	 6	
Ty	 Electrical	
energy	
Rx	/	Ry	/	Rz	 Hydraulic	
/	
Pneumatic	
energy	
Pneumatic	
energy	
Ty	 	
Tx	 Electrical	
energy	
Rx	/	Ry	/	Rz	 Hydraulic	
/	
Pneumatic	
energy	
Pneumatic	
energy	
Tx	 	
Rx	 Ry	/	Rz	 Rx	/	Ry	/	Rz	 Electrical	
energy	
Rx	 Hydraulic	
energy	
Pneumatic	
energy	
Rz	 Rx	/	Ry	 Rx	/	Ry	/	Rz	 Electrical	
energy	
Rz	 Hydraulic	
energy	
Pneumatic	
energy	
	
5.3.2.3.2 Step	3b:	Search	for	machine	elements	in	the	MMET	
Following	the	determination	of	input	flows,	it	is	then	possible	to	locate	candidate	components	
within	 the	 MMET.	 For	 example,	 mechanisms	 and	 machine	 elements	 that	 are	 capable	 of	
outputting	 translational	 movement	 along	 Y	 axis	 can	 be	 located	 in	 the	 MMET.	 After	
considering	 the	 functional	 attributes,	 advantages,	 and	 disadvantages	 of	 the	 component	
searched,	 the	 qualified	 components	 can	 be	 selected.	 After	 all	 movement	 options	 are	 all	
obtained,	the	results	can	be	listed	in	a	morphological	matrix,	as	shown	in	Table	5-9.		
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Table	5-9	Morphological	matrix	of	movements	and	components	
Movement	 Input	flow	 1	 2	 3	 4	 5	 6	 7	 8	 9	
Ty	 Electrical	energy	 Electromagnet	
actuator	
Magnet	
actuator	
Solenoid	
actuator	
	 	 	 	 	 	
Ty	 Ry		 Ball	screw	 Power	screw	 Cylindrical/barrel	
cam	
End	cam	 	 	 	 	 	
Ty	 Rx	/	Rz	 Rack	and	pinion	 Cycloidal	
motion	cam	
Circular	cam	 Offset-roller	
cam	
Roller	
cam	
Groove	cam	 Flat-faced	cam	 Spherical-
faced	cam	
Knife	edge	cam	
Ty	 Rx	/	Rz	 Cardan	gear	 Scotch-yoke	
linkage	
Cardan	gear	with	
a	Scotch	yoke	
Simplified	
Cardan	
	 	 	 	 	
Ty	 Rx	/	Rz	 Slider-crank	
linkage	
Rotary-linear	
linkage	
Valve	drive	 Watt’s	
straight	line	
linkage	
Scott	
Russell	
straight	
line	
linkage	
Tchebicheff's	
straight	line	
linkage	
Peaicellier’s	
straight	line	
linkage	
	 	
Ty	 Hydraulic	/	
Pneumatic	energy	
Double	acting	
cylinder	actuator	
Single	acting	
cylinder	
actuator	
	 	 	 	 	 	 	
Ty	 Pneumatic	energy	 Gas	spring	 	 	 	 	 	 	 	 	
Ty	 Mechanical	
energy	-	
translational	
Helical	
compression	
spring	
	 	 	 	 	 	 	 	
Rz	 Rx	/	Ry	 Double	
enveloping	worm	
gear	
Single	
enveloping	
worm	gear	
Spiroid	gear	 Cross	axis	
helical	gears	
Hypoid	
gear	
Face	gears	 Conical	
involute	
gearing	
Bevel	gear	 Helicon	gear	
Rz	 Rx	/	Ry	/	Rz	 Rotating	cam	 	 	 	 	 	 	 	 	
Rz	 Electrical	energy	 Universal	motor	 Brushless	
motor	
Stepper	motor	 Permanent	
magnet	
motor	
	 	 	 	 	
Rz	 Rz	 Leaf	chain	 Silent	chain	 Roller	chain	 Flat	belt	 Wedge	
and	V	
belt	
Polyvee	belt	 Synchronous	
belt	
	 	
Rz	 Rz	 Gear	train	 Double	
helical	gear	
Multiple	sector	
gear	
Spur	gear	 Epicylic	
gear	
Helical	gear	 Drag-link	
linkage	
Crank-
rocker	
linkage	
Double-rocker	
linkage	
Rz	 Mechanical	
energy	-	rotational	
Helical	torsion	
spring	
	 	 	 	 	 	 	 	
Rz	 Hydraulic	energy	 Hydraulic	motor	 	 	 	 	 	 	 	 	
Rz	 Pneumatic	energy	 Pneumatic	motor	 	 	 	 	 	 	 	 	
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Table	5-9	Morphological	matrix	of	movements	and	components	(continued)	
Movement	 Input	flow	 1	 2	 3	 4	 5	 6	 7	 8	 9	
Tx	 Electrical	energy	 Electromagnet	
actuator	
Magnet	
actuator	
Solenoid	
actuator	
	 	 	 	 	 	
Tx	 Rx	 Ball	screw	 Power	screw	 Cylindrical/barrel	
cam	
End	cam	 	 	 	 	 	
Tx	 Ry	/	Rz	 Rack	and	pinion	 Cycloidal	
motion	cam	
Circular	cam	 Offset-roller	
cam	
Roller	
cam	
Groove	cam	 Flat-faced	cam	 Spherical-
faced	cam	
Knife	edge	cam	
Tx	 Ry	/	Rz	 Cardan	gear	 Scotch-yoke	
linkage	
Cardan	gear	with	
a	Scotch	yoke	
Simplified	
Cardan	
	 	 	 	 	
Tx	 Ry	/	Rz	 Slider-crank	
linkage	
Rotary-linear	
linkage	
Valve	drive	 Watt’s	
straight	line	
linkage	
Scott	
Russell	
straight	
line	
linkage	
Tchebicheff's	
straight	line	
linkage	
Peaicellier’s	
straight	line	
linkage	
	 	
Tx	 Hydraulic	/	
Pneumatic	energy	
Double	acting	
cylinder	actuator	
Single	acting	
cylinder	
actuator	
	 	 	 	 	 	 	
Tx	 Pneumatic	energy	 Gas	spring	 	 	 	 	 	 	 	 	
Tx	 Mechanical	
energy	-	
translational	
Helical	
compression	
spring	
	 	 	 	 	 	 	 	
Rx	 Ry	/	Rz	 Double	
enveloping	worm	
gear	
Single	
enveloping	
worm	gear	
Spiroid	gear	 Cross	axis	
helical	gears	
Hypoid	
gear	
Face	gears	 Conical	
involute	
gearing	
Bevel	gear	 Helicon	gear	
Rx	 Rx	/	Ry	/	Rz	 Rotating	cam	 	 	 	 	 	 	 	 	
Rx	 Electrical	energy	 Universal	motor	 Brushless	
motor	
Stepper	motor	 Permanent	
magnet	
motor	
	 	 	 	 	
Rx	 Rx	 Leaf	chain	 Silent	chain	 Roller	chain	 Flat	belt	 Wedge	
and	V	
belt	
Polyvee	belt	 Synchronous	
belt	
	 	
Rx	 Rx	 Gear	train	 Double	
helical	gear	
Multiple	sector	
gear	
Spur	gear	 Epicylic	
gear	
Helical	gear	 Drag-link	
linkage	
Crank-
rocker	
linkage	
Double-rocker	
linkage	
Rx	 Mechanical	
energy	-	rotational	
Helical	torsion	
spring	
	 	 	 	 	 	 	 	
Rx	 Hydraulic	energy	 Hydraulic	motor	 	 	 	 	 	 	 	 	
Rx	 Pneumatic	energy	 Pneumatic	motor	 	 	 	 	 	 	 	 	
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5.3.2.3.3 Step	3c:	Partial	FADs	
Based	on	the	components	searched	in	the	MMET,	the	preliminary	partial	KFADs	established	
in	Step	2	can	be	completed	with	components.	For	example,	a	ball	screw	can	be	integrated	
into	the	partial	KFAD	of	the	vertical	movement	Ty.	As	shown	in	Figure	5-26,	the	ball	screw	is	
capability	of	transforming	the	input	rotational	mechanical	energy	to	the	output	translational	
movement	along	the	Y	axis.	
	
Figure	5-26	Partial	KFAD	of	a	possible	installation	with	a	ball	screw	
On	the	other	hand,	some	of	 the	movement	options	require	more	than	one	component	to	
provide	the	required	output	flows.	While	some	of	the	components	can	be	easily	assembled	
with	other	components	to	provide	the	required	movements,	not	all	combinations	can	fulfil	
the	movement	requirements.	A	combination	of	components	should	be	evaluated	according	
to	its	feasibility,	advantages,	and	disadvantages	before	being	assembled	into	a	partial	KFAD.	
Figure	 5-27	 shows	 an	 installation	where	 two	 universal	motors	 are	 used	 as	 the	 source	 of	
providing	two	Rz	flows	in	option	2	of	the	vertical	movement.	However,	it	is	difficult	to	control	
two	universal	motors	to	operate	at	the	same	rotational	velocity.	The	installation	is	therefore	
not	feasible.		
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(a)	Partial	KFAD	
	
(b)	Schematic	drawing	
Figure	5-27	An	unfeasible	installation	for	Rz	+	Rz	movement	
5.3.2.3.4 Step	3d:	Assemble	KFADs	for	movement	concept	proposals	
This	step	aims	to	establish	complete	KFAD	by	assembling	the	partial	KFADs	established	in	the	
past	steps.	While	the	components	that	are	capable	of	providing	required	output	flows	are	
determined	and	listed,	the	partial	KFADs	utilising	these	components	can	be	then	synthesised	
to	produce	kinematically	feasible	designs.	
As	 shown	 in	 Figure	 5-28,	 a	 type	 A111111	 design	 can	 be	 achieved	 separately	 by	 each	
mechanism	 or	machine	 element	 installed.	 The	 design	 utilises	 several	 universal	motors	 to	
provide	 rotational	 inputs	 to	 the	 mechanisms	 that	 are	 installed	 to	 provide	 required	
movements.	For	the	example	shown,	the	Rz	movements	required	to	achieve	lateral	tile	and	
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Trendelenburg	position	are	provided	separately	by	two	sets	of	roller	chains.	Rz	movements	
required	 between	 the	 sections	 are	 provided	 separately	 by	 three	 sets	 of	worm	 gears.	 The	
vertical	movement	Ty	is	provided	by	a	set	of	ball	screw.	
While	 the	 design	 type	 A111111	 is	 achieved	 by	 installing	 mechanisms	 that	 can	 function	
separately,	 some	 types	 of	 design	 utilise	more	 components	 and	 therefore	 could	 involve	 a	
synthesis	processes.	Design	type	B122433	is	an	example	of	the	type	of	design	that	requires	
synthesis.		As	shown	in	Figure	5-29	(a),	the	design	of	type	B122433	has	seven	mechanisms	
responsible	for	generating	seven	vertical	movements	in	order	to	actuate	the	tabletop	to	the	
required	movements	including	vertical	movement,	Trendelenburg	positions,	lateral	tilt,	and	
break-back	 flexion	 and	 extension.	 This	 complicated	 seven-mechanism	 design	 can	 be	
simplified	by	synthesising	repeated	movements	and	mechanisms.	As	shown	in	Figure	5-29	(b),	
the	design	can	be	simplified	by	a	simpler	four-mechanism	design.	Ty	of	the	vertical	movement	
can	and	Ty	5,	Ty	6,	Ty	7,	 the	break-back	 flexion	and	extension	position	be	achieved	by	 the	
simultaneous	act	of	movement	Ty	1,	Ty	2,	Ty	3,	and	Ty	4.		
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Figure	5-28	KFAD	of	the	possible	design	A111111	
	
		 213	
	
(a)	before	integrating	functions	
Figure	5-29	Integrating	partial	KFADs	of	the	possible	design:	B122433	
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(b)	after	integrating	functions	
Figure	5-29	Integrating	partial	KFADs	of	the	possible	design:	B122433	(continued)	
	
		 			
5.3.2.4 Step	4:	Preliminary	layouts	of	designs	
The	 objective	 of	 this	 step	 is	 to	 generate	 embodiment	 designs	 based	 on	 the	 FADs	 and	
generated.	Because	the	FADs	are	now	assembled	with	components,	the	embodiment	design	
can	be	created	accordingly.	
	
Figure	5-30	Embodiment	of	design	A111111	based	on	the	KFAD	in	Figure	5-28	
	
Figure	5-31	Embodiment	of	design	B122433	based	on	the	KFAD	in	Figure	5-29	
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In	addition	to	the	two	examples,	many	designs	can	be	generated	based	on	the	same	process	
and	approach.	With	the	use	of	the	MMET,	it	is	possible	for	engineering	designers	to	develop	
some	unique	designs	that	may	not	normally	be	generated,	as	shown	in	Figure	5-33	and	Figure	
5-33.	
	
Figure	5-32	Another	example	of	design	A111111	
	
Figure	5-33	An	example	of	design	B122411	
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5.3.3 Discussion	
This	subsection	introduces	a	function-based	new	product	design	process	that	utilises	FAD	as	
its	representation	and	MMET	as	the	database	for	design	reference.	A	case	study	is	utilised	to	
demonstrate	 the	 implementation	of	 the	design	process.	While	 the	design	case	study	goes	
through	several	steps	of	morphological	analysis,	it	is	shown	that	the	design	process	leads	the	
designer	 to	pass	 through	 several	divergent	and	convergent	processes.	As	 shown	 in	Figure	
5-34,	 step	 1b,	 2b,	 3a,	 and	 3b	 are	 divergent	 processes	 because	 they	 all	 involve	 tasks	 of	
exploring	 design	 options.	 The	works	 done	 at	 step	 2c,	 3c,	 and	 3d	 are	 convergent	 because	
during	these	steps	non-feasible	design	options	are	eliminated.	
On	the	other	hand,	the	design	involves	two	knowledge	expansions	at	step	3a	and	3b.	While	
the	 knowledge	 space	 of	 input	 flows	 is	 expanded	 at	 step	 3a,	 the	 knowledge	 space	 of	
components	 is	 expanded	 at	 step	 3b.	 As	 the	 result,	 concept	 space	 is	 also	 expanded	 and	
therefore	different	designs	can	be	generated.	
	
Figure	5-34	Divergence	and	convergence	during	the	design	process	
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5.4 Chapter	summary	
This	 chapter	 has	 introduced	 the	 design	 improvement	 process	 and	 a	 new	 product	 design	
process	 that	 utilises	 FAD	 as	 representation	 and	 MMET	 as	 a	 supporting	 tool.	 For	 design	
improvement,	full	functional	analysis	is	possible	because	the	prior	product	is	available.	FAD	
can	therefore	be	utilised	to	exhibit	both	useful	and	harmful	actions,	and	the	design	problems	
can	then	be	analysed.	With	the	help	of	TRIZ	76	standard	solutions	and	the	MMET,	multiple	
solutions	can	be	generated.	
On	the	other	hand,	it	requires	another	approach	to	apply	functional	analysis	in	new	product	
design	because	new	product	design	tasks	have	no	prior	products.	The	new	product	design	
process	introduced	in	this	chapter	starts	with	the	analysis	of	the	system	main	flow,	and	build	
the	system	based	on	the	main	flow	and	components	that	are	capable	of	outputting	require	
flows.	In	the	design	process,	FAD	is	utilised	not	only	to	represent	the	design	but	also	to	analyse	
and	synthesis	components	searched	from	the	MMET.	Because	the	process	involves	divergent	
thinking	and	expansion	of	knowledge	space,	new	design	ideas	can	be	generated.	
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Chapter	6 Applying	FAD	for	Clean	Energy	Community	Design	and	Ventilation	
System	Performance	Assessment	
6.1 Introduction	
This	chapter	introduces	two	case	studies	that	aim	to	apply	the	design	processes	proposed	in	
Chapter	5.	The	first	part	of	this	chapter	introduces	the	application	of	the	new	product	design	
process	on	the	planning	of	a	clean	energy	community	involving	the	use	of	renewable	energy	
and	water	treatment	technologies.	The	second	part	of	this	chapter	focuses	on	the	application	
of	the	function-based	design	improving	process	on	the	performance	assessment	of	passive	
ventilation	with	heat	recovery	(PVHR)	technology.	While	the	two	case	studies	both	involve	
the	three	types	of	flows,	i.e.	energy	flow,	material	flow,	and	signal	flow,	this	chapter	shows	
how	FAD	can	be	applied	to	design	with	multiple	types	of	flows.	
6.2 Case	study:	Clean	energy	community	design	
6.2.1 Background	
Air	 pollution	 in	 China’s	 megacities	 is	 severe	 and	 has	 been	 the	 topic	 of	 many	 research	
programmes	 (Chan	&	 Yao,	 2008).	 This	 has	 been	 increasingly	 attracting	 people’s	 attention	
especially	after	a	documentary	produced	by	a	former	TV	journalist	Chai	Jing	disclosed	how	
severe	China’s	air	pollution	is	 in	2015	(Board,	2015).	One	of	the	most	obvious	signs	of	this	
severe	air	pollution	is	the	frequent	smog,	as	shown	in	Figure	6-1.	Another	concern	is	that	air	
pollution	can	contribute	to	up	to	1.6	million	deaths	per	year	in	China	(Rohde	&	Muller,	2015).	
Fortunately,	it	is	possible	to	improve	the	pollution.	Two	recent	events	including	APEC	summit	
2014	 and	World	War	 II	 victory	 march	 2015	 showed	 that	 it	 was	 possible	 to	 decrease	 air	
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pollution	 significantly	 if	 the	 sources	 of	 pollution	 are	 controlled	 (Larson,	 2014;	 Lu	&	Chan,	
2015).	The	clear	blue	sky	was	able	to	be	seen	during	the	two	events	while	the	authority	closed	
all	factories	and	power	plants	that	could	generate	air	pollutants.		
	
Figure	6-1	Smog	shows	severe	air	pollution	in	Beijing,	China	(Bobak,	2005)	
This	section	 introduces	an	early	attempt	of	designing	clean	energy	community	 in	the	rural	
area	of	Beijing	before	the	documentary	and	the	blue	sky	of	APEC	summit	2014	and	World	War	
II	victory	march	2015	appeared.	In	2012,	Imperial	College	London	teamed	up	with	Tsinghua	
University	 for	a	project	that	aims	to	 introduce	renewable	energy	technologies	to	the	rural	
villages	located	near	Beijing’s	watershed	region	(P.	R.	N.	Childs	&	Ren,	2012).	The	focus	is	to	
replace	current	energy	sources	such	as	coal	power	plants	so	that	the	pollutant	generated	by	
power	generation	is	reduced.	Approaches	for	sewage	treatment	are	also	investigated	in	order	
to	decrease	potential	water	pollution	to	the	reservoirs	in	the	region.	While	the	design	involves	
various	technologies,	FAD	is	utilised	for	the	analysis	and	planning	of	the	design.		
6.2.2 Representing	energy	systems	with	FAD	
A	FAD	for	energy	system	could	involve	two	flow	types	including	energy	flow	and	material	flow.	
Energy	flow	represents	the	generation,	transmission	and	transformation	of	the	energy	of	the	
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system,	and	material	flow	shows	the	components	and	substances	that	are	related	to	energy	
generation,	consumption,	and	transfer.	
In	the	last	chapter,	FAD	was	utilised	for	conceptual	designs	that	involve	no	detail	properties	
of	energy	flow	and	material	flow.	While	the	planning	of	an	eco-village	involves	allocation	of	
available	energy	resources,	FAD	has	to	include	quantitative	information.	Figure	6-2	(a)	and	(b)	
shows	a	comparison	between	FADs	with	and	without	quantitative	information.	While	both	
indicate	that	solar	PV	could	generate	electricity	by	being	activated	by	solar	energy,	the	one	
with	data	further	allows	evaluations	based	on	calculations.	
	
(a) Without	quantitative	information	
	
(b)	with	quantitative	information	
Figure	6-2	FAD	of	a	solar	PV	
6.2.3 Design	of	an	eco-village	
In	Chapter	5,	a	new	product	design	process	that	utilises	FAD	and	MMET	is	introduced	for	the	
designs	 of	 mechanisms	 and	 machine	 elements.	 While	 the	 design	 for	 a	 clean	 energy	
community	does	not	utilise	information	in	the	MMET,	the	design	process	can	be	altered	and	
proceed	as	follows:	
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6.2.3.1 Step	1:	design	requirement	analysis	
6.2.3.1.1 Design	requirement	analysis	
The	task	is	to	design	a	500-dwelling,	1500-resident,	eco-friendly	village	that	is	located	in	the	
watershed	area	of	Beijing.	After	 investigating	 four	villages	 including	Babaotang,	Caijiadian,	
Dongcaoying,	and	Dongsangyuan,	and	analysing	current	energy	consumption	in	the	rural	area	
of	Beijing,	it	is	estimated	the	requirements	of	the	designing	village	as	follows	(P.	R.	N.	Childs	
&	Ren,	2012):	
1. Electricity:	2700	KWh	per	dwelling	per	year	
2. Water:	150	Litres	per	person	per	day	
3. Thermal	energy:	15	MWh	of	thermal	energy	per	year	per	dwelling,	this	includes:	
a. Hot	water:	50	Litres	per	person	per	day		
b. Heating:	12.77	MWh	of	thermal	energy	
4. Sewage	treatment	capability:	110	Litre	per	person	per	day	
6.2.3.1.2 Setup	design	goal	and	determine	the	main	flow	
The	 goal	 of	 the	eco-village	design	 is	 to	 increase	 the	use	of	 renewable	 energy	 as	much	as	
possible	to	decrease	air	pollution	and	water	pollution.	Therefore,	the	main	flow	of	the	design	
is	determined	as	energy	flow.	
6.2.3.2 Step	2:	Establish	preliminary	FAD	
Based	on	the	requirement,	the	partial	FADs	can	be	illustrated	as	follows:	
1. Electricity	
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According	to	the	requirement	of	electricity,	each	dwelling	of	three	people	consumes	2700	
KWh	electricity	per	year.	The	partial	FAD	of	 the	household	electricity	consumption	can	be	
illustrated	as	shown	in	Figure	6-3.		
	
Figure	6-3	Household	electricity	consumption	
2. Water	and	hot	water	
The	average	water	consumption	of	the	villagers	 in	the	area	is	approximately	150	litres	per	
person	per	day.	As	shown	in	Figure	6-4,	this	includes	approximately	40	to	50	litres	of	hot	water.	
	
Figure	6-4	Household	hot	water	need	
3. Heating	
The	thermal	energy	required	for	heating	is	12.77	MWh	per	dwelling	per	year.	The	associated		
FAD	is	shown	in	Figure	6-5.	
	
Figure	6-5	Household	heating	need	
		 224	
4. Sewage	treatment	
While	household	sewage	can	be	recognised	as	one	source	of	water	pollution	in	the	watershed	
area,	it	is	marked	as	harmful	action.	As	shown	in	Figure	6-6,	the	action	of	generating	sewage	
is	marked	as	red,	i.e.	harmful	action,	to	address	the	need	of	improvement	in	design.	
	
Figure	6-6	Household	sewage	treatment	requirement	
Since	the	goal	is	to	utilise	clean	energy	as	much	as	possible	to	replace	the	electricity	generated	
by	coal-based	power	plants,	the	preliminary	FAD	of	the	village	can	be	illustrated.	As	shown	in	
Figure	6-7,	the	village	consumes	electricity,	water,	hot	water,	and	generates	sewage.	While	
the	energy	source	of	 the	heater,	 the	water-heater	and	 the	water	 treatment	plant	are	not	
determined,	 it	 is	 assumed	 that	 they	 all	 consume	 electricity	 to	 operate.	 To	 address	 the	
consumption	of	electricity,	these	actions	of	consumptions	are	marked	as	harmful	actions.	
6.2.3.3 Step	3:	Establish	FADs	with	components	
As	stated	in	Chapter	5,	the	objective	of	step	3	is	to	identify	the	components	that	could	fulfil	
the	 requirements	 and	 establish	 FADs	with	 the	 components.	 However,	 the	 design	 of	 eco-
village	is	different	from	the	design	of	a	machine	as	shown	in	Chapter	5.	A	component,	in	the	
design	of	eco-village,	can	actually	be	recognised	as	technology	or	a	facility	that	could	provide	
required	functions.	The	FAD	shown	in	Figure	6-7	has	five	components	including	water	source,	
electricity	source,	water-heater,	heater,	and	water	treatment	plant.	While	the	water	source	
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is	 not	 the	 concern	 of	 the	 design	 because	 it	 is	 provided	 by	 the	 water	 authority,	 the	
establishment	of	FAD	will	focus	on	the	other	three.	
	
Figure	6-7	Preliminary	FAD	of	the	500-dwelling	village	
6.2.3.3.1 Electricity	source	
Two	renewable	energy	sources	are	considered	to	provide	electricity	 including	solar	energy	
and	wind	power.	The	approach	to	generate	electricity	is	photovoltaic	(PV).	Devices	made	from	
semiconductor	 materials	 such	 as	 monocrystalline	 silicon,	 polycrystalline	 silicon,	 and	
amorphous	silicon,	are	able	to	convert	solar	energy	into	direct	current	electricity.		
As	shown	 in	Figure	6-8	(a),	a	solar	PV	system	is	a	common	device	that	could	utilised	solar	
energy	 to	 generate	 electricity	 by	means	 of	 photovoltaics.	While	 the	 evaluation	 of	 energy	
sources	requires	actual	calculation,	the	FAD	is	embedded	with	information	of	how	much	solar	
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power	received	and	how	much	electric	power	is	generated.	Based	on	the	measurement	data	
from	Meteonorm	 (2012),	 the	 yearly	 sum	of	Direct	Normal	 Irradiation	 (DNI)	 at	 the	 area	 is	
between	1,501	kWh/m2	and	1,600	kWh/m2.	Assuming	the	conversion	efficiency	of	the	solar	
PV	is	20%,	the	generated	electricity	will	be	300	kWh	per	year	for	a	1	m2	solar	PV,	as	shown	in	
Figure	6-8	(b).	
	
(a)	FAD	
	
(b)	FAD	with	data	and	estimation	
Figure	6-8	Partial	FAD	of	solar	PV	
Another	source	of	renewable	energy	 is	the	wind	power.	While	wind	power	was	utilised	to	
actuate	windmills	 in	 the	past,	 the	most	 common	modern	application	of	wind	power	 is	 to	
generate	electricity.	As	shown	in	Figure	6-9	(a),	a	wind	turbine	is	a	device	designed	to	convert	
the	kinematic	energy	of	the	wind	power	into	electricity.	As	this	rural	area	of	Beijing	can	be	
considered	to	have	good	local	wind	resource,	available	land	space	and	flat	terrain,	wind	power	
is	 a	 viable	 option	 for	 power	 generation.	 Based	 on	 the	 investigation	 by	 Development	 and	
Reform	Commission	of	Yangqing,	the	average	wind	speed	in	the	north-eastern	rural	area	of	
Beijing	is	3	m/s	and	the	duration	of	effective	wind	is	approximately	1900	hours	per	year	(DARC	
of	Yanqing,	2011).	In	this	wind	condition,	a	50	kW	wind	turbine	can	generate	up	to	100	MWh	
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of	electricity	per	year	(P.	R.	N.	Childs	&	Ren,	2012).	On	the	other	hand,	wind	turbines	have	a	
drawback	 that	could	affect	 living	quality.	As	shown	 in	Figure	6-9	 (c),	 the	wind	 turbine	will	
generate	noise.	While	various	studies	have	suggested	that	wind	turbine	noise	could	cause	
health	 issues	 such	 as	 sleep	disturbance,	 depression,	 and	 anxiety	 (Hanning	&	Evans,	 2012;	
Harrison,	2011;	Nissenbaum,	Aramini,	Hanning,	&	others,	 2012;	Pedersen	&	Waye,	2004).	
While	rural	areas	are	usually	considered	to	be		quieter	than	urban	areas,	the	effect	of	wind	
turbine	noise	will	be	more	noticeable	and	therefore	the	 installation	sites	of	wind	turbines	
should	be	kept	away	from	residential	areas.		
	
(a)	FAD	
	
(b)	FAD	with	data	and	estimation	
	
(c)	FAD	with	harmful	actions	
Figure	6-9	Partial	FAD	of	wind	turbine	
6.2.3.3.2 Water-heater	
Based	on	the	on-site	investigation,	the	local	villagers	are	already	using	a	type	of	water-heater	
that	utilised	a	type	of	renewable	energy,	i.e.	bio-gas	water	heater	(P.	R.	N.	Childs	&	Ren,	2012).	
The	bio-gas	water-heater	 is	 a	popular	water-heater	 in	 the	area	because	 this	 rural	 area	of	
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Beijing	produces	high	volume	of	straw	stalks	that	could	be	utilised	as	a	source	of	energy.	For	
example,	Dongsangyuan	village	had	a	biomass	straw	gasification	station	that	is	able	to	convert	
stalks,	firewood	and	other	straw	waste	to	generate	more	than	100,000	cubic	meters	of	bio-
gas.	This	bio-gas	can	then	be	utilised	for	cooking,	heating,	and	boiling	water.	Since	the	source	
of	bio-gas	is	straw	waste,	the	partial	FAD	for	bio-gas	water	can	be	established	as	shown	in	
Figure	6-10.	Based	on	the	investigations,	1.24	kg	of	straw	stalks	can	be	converted	to	1.98	m3	
of	bio-gas	and	capable	of	generating	6.13	KWh	of	thermal	energy	if	burned	by	a	90%	efficiency	
water-heater	 (P.	R.	N.	Childs	&	Ren,	 2012;	NDARC	of	PRC,	2011).	 This	 amount	of	 thermal	
energy	is	able	to	heat	up	150	litres	of	water	from	15°C	to	50°C	that	fulfils	household	daily	
need,	as	shown	in	Figure	6-10	(b).	
	
(a)	FAD	
	
(b)	FAD	with	data	and	estimation	
Figure	6-10	Partial	FAD	of	bio-gas	water-heater	
Hot	water	can	also	be	provided	by	electrical	water-heaters	since	the	electricity	is	expected	to	
be	provided	by	renewable	energy,	as	shown	in	Figure	6-11	(a).	If	electricity	is	utilised	to	heat	
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up	the	same	amount	of	150	litres	of	water	for	35°C,	it	would	require	approximately		7.21	KWh	
of	electricity	for	an	electric	water-heater	with	90%	efficiency,	as	shown	in	Figure	6-10	(b).	
	
(a)	FAD	
	
(b)	FAD	with	data	and	estimation	
Figure	6-11	Partial	FAD	of	electrical	water-heater	
On	the	other	hand,	while	one	of	the	energy	sources	of	electricity	is	from	solar	energy,	it	is	
also	possible	to	heat	up	water	directly	from	solar	energy.	As	shown	in	Figure	6-12	(a),	a	solar	
collector	is	a	common	device	that	is	able	to	convert	solar	energy	into	thermal	energy	and	heat	
up	water	with	the	thermal	energy	converted.	It	requires	a	2.13	square	meter	solar	collector	
with	70%	efficiency	to	generate	enough	thermal	energy	that	could	heat	up	the	same	amount	
of	water	for	35°C,	as	shown	in	Figure	6-11	(b).	
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(a)	FAD	
	
(b)	FAD	with	data	and	estimation	(daily)	
Figure	6-12	Partial	FAD	of	solar	water-heater	
6.2.3.3.3 Heating	
Two	heating	options	are	available.	The	first	is	a	bio-gas	heater	that	burns	bio-gas	to	generate	
thermal	energy	required	for	heating.	As	shown	in	Figure	6-13	(a),	a	bio-gas	heater	generates	
thermal	energy	to	heat	up	the	indoor	space.	While	the	average	daily	thermal	energy	required	
for	heating	an	average	household	building	 in	 the	area	 is	28.36	KWh,	8.27	M3	of	bio-gas	 is	
needed,	as	shown	in	Figure	6-13(b).	
	
(a)	FAD	
Figure	6-13	Partial	FAD	of	bio-gas	heater	
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(b)	FAD	with	data	and	estimation	(daily)	
Figure	6-13	Partial	FAD	of	bio-gas	heater	(continued)	
The	second	is	a	ground	source	heat	pump	that	transforms	thermal	energy	from	hot	water.	As	
shown	in	Figure	6-14,	a	typical	heat	pump	runs	with	a	Coefficient	of	Performance	(COP)	of	4.5	
is	able	to	heat	up	indoor	air	for	28.36	KWh	thermal	energy	by	consuming	6.3	KWh	of	electricity.	
	
(a)	FAD	
	
(b)	FAD	with	data	and	estimation	(daily)	
Figure	6-14	Partial	FAD	of	ground	source	heat	pump	
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(c)	FAD	with	data	and	estimation	(simplified)	
Figure	6-14	Partial	FAD	of	ground	source	heat	pump	(continued)	
6.2.3.3.4 Sewage	treatment	
Sewage	treatment	is	a	multi-phase	process	that	aims	to	produce	environmental	harmless	fluid	
by	 removing	 pollutants	 from	 sewage	 that	 contains	 all	 sorts	 of	 biodegradable	 household	
wastes	including	human	waste,	food	waste,	soaps	and	detergent.		
A	 typical	 sewage	 treatment	 process	 can	 be	 divided	 into	 four	 phases.	 The	 first	 is	 the	 pre-
treatment	phase	that	aims	to	filter	sewage	water	so	that	no	large	object,	fat,	and	grease	can	
be	passed	to	the	next	phases	and	damage	fragile	components	such	as	the	membranes.	The	
second	is	the	primary	treatment	phase	that	separates	heavy	solids	from	the	sewage	by	the	
means	of	sedimentation.	The	third	is	the	secondary	treatment	phase	that	degrades	biological	
and	chemical	pollutants.	The	forth	is	the	tertiary	treatment	that	further	improves	the	quality	
of	 treated	 fluid	 by	 additional	 filtration,	 lagooning,	 nutrient	 and	 nitrogen	 removal,	 and	
disinfection	for	 fragile	environments.	While	the	principles	 for	most	phases	are	similar,	 the	
major	 difference	 between	 different	 sewage	 treatment	 technologies	 is	 at	 the	 secondary	
treatment	phase.	
Sewage	 flow	 control	 technologies,	 including	 activated	 sludge	 processes,	 membrane	 bio-
reactors	(MBR),	sequencing	batch	reactors	(SBR),	and	the	double-sided	flow	diversion	(DFD)	
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process,	are	the	traditional	and	the	most	popular	options	for	secondary	treatment	of	sewage.	
The	 activated	 sludge	 process,	 as	 shown	 in	 Figure	 6-15,	 utilises	 two	 chambers	 for	 sewage	
aeration	 and	 clarification.	 It	 is	 a	 basic	 process	 for	 secondary	 treatment	 and	 is	 generally	
implemented	into	other	secondary	treatment	technologies	such	as	MBR.	In	the	aeration	tank,	
air	 is	 introduced	 for	 the	 biota	 in	 the	 sewage	 that	 helps	 developing	 biological	 reaction	 to	
reduce	biodegradable	pollutants.	
	
Figure	6-15	Schematic	drawing	of	activated	sludge	process	(Lenntech	BV,	n.d.)	
MBR	is	a	method	capable	of	clarifying	sewage	to	the	level	that	the	effluent	can	be	discharged	
into	 less	sensitive	environments	and	reuse	for	garden	 irrigation.	 It	 integrates	a	membrane	
into	activated	 sludge	process	 to	divide	pre-treated	and	post-treated	 sewage.	As	 shown	 in	
Figure	6-16,	the	membrane	separates	heavier	and	larger	pollutants	and	allows	only	water	and	
microorganisms	that	are	smaller	than	its	gap	to	penetrate.	
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Figure	6-16	Schematic	drawing	of	MBR	
SBR	utilises	only	one	chamber	for	all	steps	of	sewage	treatment.	As	shown	in	Figure	6-16,	the	
SBR	method	has	five	steps	starts	from	fill,	react,	settle,	draw,	to	idle.	While	this	type	of	sewage	
treatment	requires	a	longer	time	to	complete	a	cycle,	it	is	more	suitable	for	low	demand	areas	
such	as	small	towns	in	the	UK	or	rural	area	in	the	US.	
	
Figure	6-17	Schematic	drawing	of	SBR	(TOPRAK,	1999)	
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The	 double-sided	 flow	 diversion	 (DFD)	 process	 is	 a	 Chinese-patented	 technology	
implemented	to	the	Badaling	sewage	treatment	station	located	at	Dongcaoying	village	(Zhang	
&	Zhou,	1998).	Three	guiding	plates	are	utilised	to	simulate	the	function	of	the	membrane	
used	in	MBR	so	that	the	maintenance	cost	is	lower.	As	shown	in	Figure	6-18,	the	water	flow	
is	controlled	to	flow	between	a	sedimentation	zone	and	aeration	zone.	If	bio	and	chemical	
reaction	mediums	such	as	diatomite	is	utilised,	the	effluent	could	be	as	clean	as	MBR.		
	
Figure	6-18	Schematic	drawing	of	double-sided	flow	diversion	process	(Zhang	&	Zhou,	1998)	
The	FAD	of	the	above	water	treatment	technologies	can	be	illustrated	as	shown	in	Figure	6-19	
(a).	 It	 is	 noticeable	 that	 these	 technologies	 all	 require	 electricity	 to	 actuate	 its	 secondary	
treatment	and	all	the	pumps	to	move	the	sewage	from	one	chamber	to	another	(or	move	into	
and	out	of	the	chamber	for	SBR).	This	may	consume	a	notable	amount	of	electricity.	As	shown	
in	Figure	6-19	(b),	the	Badaling	sewage	treatment	station	consumes	200	MWh	of	electricity	
each	year	to	process	2000	tons	of	sewage,	about	0.1	kWh/kg.	This	consumption	is	lower	than	
the	0.3~1.89	kWh/m3	power	consumption	of	the	conventional	sewage	treatment	plant	that	
incorporates	activated	sludge	process	(Mizuta	&	Shimada,	2010).	However,	this	consumption	
of	electricity,	equals	740	dwellings’	annual	electricity	requiremen,	can	still	be	hard	to	support	
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by	clean	energy.	Given	the	fact	that	the	Badaling	sewage	treatment	station	processes	only	
sewage	 from	 the	 92-dwelling	 Dongcaoying	 village	 and	 the	 210-dwelling	 Dongsongyuan	
village,	it	would	be	a	really-heavy	burden	for	a	500-dwelling	village	that	aims	to	use	as	much	
clean	energy	as	possible	if	such	a	sewage	treatment	plant	was	utilised.	
	
(a)	FAD	
	
(b)	FAD	with	data	and	estimation	for	the	Badaling	water	treatment	station	
Figure	6-19	Partial	FAD	of	sewage	treatment	process	
Constructed	 wetlands	 can	 be	 a	 solution	 for	 this.	 Constructed	 wetlands	 simulates	 and	
replicates	the	environment	of	natural	wetlands	that	provide	an	ideal	environment	for	reeds	
and	many	types	of	microorganisms	to	propagate	and	therefore	wetlands	can	be	recognised	
as	water	 treatment	 facilities.	 Because	 natural	wetlands	 are	 not	 available	 everywhere	 and	
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many	 of	 them	 are	 restricted	 for	 preservation,	 constructed	 wetlands	 with	 engineered	
structure	can	be	constructed	according	to	the	requirement.		
Depending	 on	 the	 structure,	 constructed	 wetlands	 can	 be	 divided	 into	 three	 categories:	
surface	flow	constructed	wetlands,	subsurface	flow	constructed	wetlands,	and	vertical	flow	
construction	wetlands.	
Figure	6-20	shows	the	schematic	drawing	and	FAD	of	the	surface	flow	constructed	wetland.	
As	suggested	by	its	name,	it	allows	a	horizontal	sewage	flow	on	the	ground	surface	and	pass	
across	plant	roots.	This	type	of	constructed	wetland	causes	many	undesired	side	effects	such	
as	mosquito	attraction,	odour	issues,	and	requires	a	large	land	area	of	up	to	20	m2	per	person.	
It	will	also	freeze	during	a	cold	winter.	Therefore,	surface	flow	constructed	wetland	 is	 less	
applied	nowadays	especially	for	an	area	with	a	cold	winter	such	as	Beijing.		
	
(a)	schematic	drawing	
	
(b)	FAD	
Figure	6-20	Surface	flow	constructed	wetland	
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Subsurface	flow	constructed	wetland	improves	the	drawbacks	of	the	surface	flow	constructed	
wetland.	As	shown	 in	Figure	6-21,	the	sewage	flow	 in	subsurface	wetland	 is	underground.	
While	the	wetland	is	constructed	by	gravel,	sand	mediums,	and	plants,	it	allows	sewage	to	
flow	under	the	ground	surface	and	pass	through	all	the	rocks,	sands,	and	roots.	This	type	of	
wetland	does	not	have	the	drawbacks	of	surface	flow	wetland.	However,	the	efficiency	of	the	
subsurface	flow	constructed	wetland	is	low,	and	it	still	requires	larger	area	for	up	to	10	m2	
per	person.	
	
(a)	schematic	drawing	
	
(b)	FAD	
Figure	6-21	Subsurface	flow	constructed	wetland	
Vertical	 flow	constructed	wetland,	as	shown	 in	Figure	6-22,	distributes	 the	sewage	on	the	
surface	and	allows	the	sewage	to	flow	vertically	to	pass	through	the	wetland.	While	the	flow	
direction	 is	 downward,	 it	 requires	 a	 pump	 to	drain	 the	 treated	water	 so	 that	 the	 flow	of	
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sewage	and	 treated	water	will	not	be	blocked.	Therefore,	unlike	other	 types	of	wetlands,	
vertical	 flow	 constructed	wetland	 consumes	 electricity.	However,	 the	pump	 increases	 the	
efficiency	of	the	wetland	and	therefore	vertical	flow	wetland	requires	only	3	m2	per	person	
to	treat	household	sewage.	
	
(a)	schematic	drawing	
	
(b)	FAD	
Figure	6-22	Vertical	flow	constructed	wetland	
6.2.3.3.5 Proposal	for	the	clean	energy	community	
After	analysing	available	resources	for	electricity,	hot	water,	heating,	and	sewage	treatment,	
a	plan	for	the	clean	energy	community	can	be	proposed.		
The	proposed	energy	solution	is	the	combined	use	of	solar	energy	and	wind	power.	For	solar	
energy,	it	is	planned	to	install	12.66	m2	solar	PV	at	each	dwelling	to	provide	approximately	
4.11	KWh	electricity	per	dwelling	per	day.	On	the	other	hand,	14	wind	turbines	are	planned	
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to	generate	up	to	7.66	KWh	electricity	per	dwelling	per	day	(3.83	MWh	for	the	whole	village).	
To	avoid	health	issues	caused	by	wind	turbine	noise,	these	wind	turbines	are	located	outside	
the	village	to	reduce	the	effect	of	noise.	
The	solution	for	water-hear	also	consists	of	two	different	types	of	energy,	i.e.	solar	power	and	
bio-gas.	 For	 solar	 power	 water-heaters,	 each	 dwelling	 is	 equipped	 with	 a	 2.13	 m2	 solar	
collector	to	provide	the	required	6.13	KWh	thermal	energy	to	heat	up	the	daily	150-litre	hot	
water	 requirement	 from	15°C	 to	50°C.	To	provide	hot	water	when	 the	solar	power	 is	not	
available,	 bio-gas	 water	 is	 utilised.	 Although	 bio-gas	 was	 not	 included	 in	 the	 design	
requirement	shown	in	Figure	6-7,	it	can	be	a	source	of	clean	energy	for	its	consumption	of	
stalk	wastes.	Based	on	the	calculation,	it	requires	1.98	m3	of	bio-gas	per	day	to	heat	up	the	
same	amount	of	hot	water.	
Two	heating	solutions	are	included	in	the	plan.	A	set	of	Bio-gas	heater	and	a	set	of	ground	
source	heat	pump	are	installed	in	each	dwelling	to	provide	house	heating.	For	bio-gas	heater,	
it	 requires	8.27	m3	of	bio-gas	per	day	to	heat	up	each	dwelling.	 If	 the	ground	source	heat	
pump	is	utilised	solely,	it	requires	0.26	kWh	of	electricity	per	day	to	heat	up	the	dwelling.	
Vertical	 flow	 constructed	 wetland	 is	 selected	 as	 the	 sewage	 treatment	 solution	 for	 its	
advantage	of	lower	power	consumption	than	other	types	of	secondary	treatment,	and	smaller	
required	area	than	other	types	of	constructed	wetlands.	To	fulfil	the	village’s	need	of	sewage	
treatment,	a	4500	m2	vertical	constructed	wetland	is	planned.	
While	the	proposed	village	aims	to	utilise	renewable	energy	as	much	as	possible	to	fulfil	its	
needs	under	different	scenarios.	The	FADs	of	the	village	under	the	four	scenarios	calculated	
are	shown	in	Figure	6-23,	Figure	6-24,	Figure	6-25,	and	Figure	6-26.	
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The	first	scenario,	as	shown	in	Figure	6-23,	has	full	capacity	of	solar	power	and	wind	power.	
While	solar	PVs	and	wind	turbines	can	generate	sufficient	electricity,	requirements	including	
electricity,	hot	water,	and	heating	are	all	fulfilled	by	them.	
The	 second	 is	 the	 scenario,	 as	 shown	 in	 Figure	 6-24,	 has	 no	 wind	 power	 so	 that	 all	 the	
electricity	needed	is	provided	by	the	solar	PVs.	While	the	electricity	generated	by	the	solar	
PVs	is	not	enough	for	the	heat	pump	to	generate	sufficient	thermal	energy	for	heating,	a	bio-
gas	heater	is	utilised	to	provide	additional	thermal	energy.	
The	third	is	the	scenario	that	only	wind	power	is	available	but	no	electricity	output	from	solar	
PVs.	As	shown	in	Figure	6-25,	electricity	generated	by	the	14	wind	turbines	can	only	fulfil	the	
needs	without	heating.	Therefore,	all	the	heating	thermal	energy	are	provided	by	the	bio-gas	
heater.	
The	forth	is	the	scenario	that	no	solar	or	wind	power	is	available	for	electricity	generation.	As	
shown	in	Figure	6-26,	all	electricity	requirements	are	fulfilled	by	the	state	grid.	While	more	
than	80%	of	the	electricity	from	the	state	grid	is	provided	by	coal-based	power	plants,	this	
scenario	will	worsen	the	air	pollution	in	the	area	(NBSC,	2011;	as	cited	in	Yu,	Wei,	Guo,	&	Ding,	
2014).	
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(a)	dwelling	view	
	
(b)	village	view	
Figure	6-23	FADs	for	the	scenario	with	full	solar	power	and	wind	power	capacity	
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(a)	dwelling	view	
	
(b)	village	view	
Figure	6-24	FADs	for	the	scenario	with	full	solar	power	but	no	wind	power	capacity	
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(a)	dwelling	view	
	
(b)	village	view	
Figure	6-25	FADs	for	the	scenario	with	full	wind	power	but	no	solar	power	capacity	
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(a)	dwelling	view	
	
(b)	village	view	
Figure	6-26	FADs	for	the	scenario	with	no	solar	power	and	wind	power	capacity	
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6.2.3.4 Step	4:	Preliminary	layouts	of	designs	
After	the	components	are	assigned	as	discussed	in	step	3,	the	preliminary	layout	of	the	clean	
energy	community	can	be	illustrated,	as	shown	in	Figure	6-27.	
	
Figure	6-27	Preliminary	layout	of	the	proposed	village	
6.2.4 Clean	Energy	Community	Case	Study	Conclusion	
This	 section	 introduced	 a	 case	 study	 that	 applies	 FAD	 on	 the	 design	 of	 a	 clean	 energy	
community.	For	surgical	table	design	in	the	last	chapter,	the	mechanical	ability	of	changing	
the	formation	for	required	positions	is	the	key	focus	at	the	conceptual	design	stage.	However,	
for	the	eco-village	case	study,	the	key	focus	is	to	allocate	available	technologies	and	resources	
to	the	dwellings.	The	important	inputs	and	outputs	here	become	energy	flow.	On	the	other	
hand,	qualitative	information	is	not	sufficient	for	the	task	because	it	requires	calculations	for	
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resource	allocation.	Therefore,	it	is	required	that	step	3	of	the	design	process	in	this	design	
task	should	consider	quantitative	information	as	well	so	that	the	FAD	established	can	possess	
information	about	resource	allocation.	As	the	result,	a	plan	of	the	clean	energy	community	is	
proposed	and	FAD	shows	its	ability	to	represent	both	qualitative	and	quantitative	information	
and	 proved	 to	 be	 useful	 in	 the	 design	 of	 eco-village.	 The	 effective	 use	 of	 a	 tool	 for	 very	
different	applications	is	an	important	step	in	illustrating	its	general	validity.	
6.3 Case	study:	Performance	assessment	for	passive	ventilation	with	heat	recovery	
6.3.1 Ventilation	–	why	is	it	important?	
Ventilation	 is	 key	 for	 improving	 indoor	 air	 quality	 for	 buildings.	 Buildings	 with	 inefficient	
ventilation	can	result	 in	poor	 indoor	air	quality	and	therefore	cause	 illness	such	as	cancer,	
asthma	or	sick	building	syndrome	to	the	residents	(ECA,	2003).	This	potential	health	risk	did	
not	attract	significant	attention	before	the	1970s	because	it	was	perceived	that	outdoor	air	
quality	has	higher	influence	on	health	than	indoors	(Jones,	1999).	The	perception	has	been	
changed	mainly	 due	 to	 two	 facts	 revealed	 by	 research.	 The	 first	 is	 that	 people	 have	 the	
tendency	to	spend	significant	more	time	indoors	than	outdoors	(Dimitroulopoulou,	Ashmore,	
Byrne,	&	Kinnersley,	2001;	Farrow,	Taylor,	&	Golding,	1997;	Jacobs,	Kelly,	&	Sobolewski,	2007;	
Klepeis	et	al.,	2001;	Robinson	&	Nelson,	1995).	The	second	fact	is	that	indoor	air	could	have	
more	than	900	types	of	hazardous	pollutants	and	pathogens	include	nitrogen	oxide,	carbon	
monoxide,	particulate	matter	 (PM),	 radon,	 environmental	 tobacco	 smoke	 (ETS),	 allergens,	
and	 volatile	 organic	 compounds	 (VOCs)	 (Choi	 et	 al.,	 2010;	Darby	 et	 al.,	 2005;	Henderson,	
Sherriff,	Farrow,	&	Ayres,	2008;	Schäfer,	Dirschedlb,	Kunz,	Ring,	&	Überla,	1997).	Because	the	
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concentration	of	these	hazardous	pollutants	and	pathogens	are	higher	indoors	than	outdoors,	
indoor	air	may	cause	greater	threat	to	health	than	outdoor	air	(SCHER,	2007).		
The	solution	to	this	long-time	exposure	of	hazardous	indoor	air	is	to	improve	indoor	air	quality	
by	improving	ventilation	to	introduce	outdoor	air	to	remove	or	dilute	the	indoor	pollutants	
to	 the	 level	 that	would	not	 cause	health	 threats	 to	 the	 residents	 (Fisk,	Mirer,	&	Mendell,	
2009).	Although	outdoor	pollutants	may	also	be	imported	with	the	outdoor	air,	the	risk	is	low	
nowadays	in	the	UK	since	the	outdoor	air	quality	has	been	significantly	improved	after	the	
introduction	of	the	Clean	Air	Act	in	1956	(Brimblecombe,	2006;	Phillips	et	al.,	1993).		
Students	have	been	shown	to	study	more	efficiently	after	ventilation	efficiency	of	classrooms	
is	 improved	 (Bakó-Biró,	 Clements-Croome,	 Kochhar,	 Awbi,	 &	 Williams,	 2012;	 Mendell	 &	
Heath,	 2005;	 Shaughnessy,	 Haverinen-Shaughnessy,	 Nevalainen,	 &	Moschandreas,	 2006).	
Improving	ventilation	can	also	benefit	both	residents’	health	and	work	performance.	
6.3.2 Representing	ventilation	systems	with	FAD	
Based	on	the	characteristics	of	ventilation	technologies,	a	FAD	for	ventilation	system	should	
involve	two	flow	types	including	material	flow	and	energy	flow.	Material	flow	represents	not	
only	the	airflows	introduced	and	exhausted	the	building	by	the	ventilation	system	but	also	
the	 pollutants	 that	move	 together	with	 the	 airflows.	 Energy	 flow	 represents	 the	 thermal	
energy	being	transmitted	between	 indoors	and	outdoors,	 the	forces	that	actuate	airflows,	
and	the	noise	generated	by	the	mechanical	fans	in	a	MVHR	system.	As	shown	in	Figure	6-28	
(a)	 and	 (b),	 FAD	 is	 utilised	 to	 represent	 the	 useful	 interactions	 between	 wind	 pressure,	
building	envelope,	outdoor	air,	and	indoor	air.		
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(a)	airflow	in	infiltration,	represented	by	material	flow	
	
(b)	actuating	force	for	airflow	in	infiltration,	represented	by	energy	flow	
Figure	6-28	Representing	ventilation	systems	with	FAD		
On	the	other	hand,	energy	flows	within	ventilation	systems	are	not	just	only	responsible	for	
actuating	airflows,	they	are	also	be	able	to	change	the	characteristics	of	the	airflows.	FAD	is	
capable	of	demonstrating	this	change.	As	shown	in	Figure	6-29	(a)	and	(b),	warm	indoor	air,	
which	is	the	result	of	heated	indoor	air,	can	be	represented	by	a	single	block	or	a	compound	
block	with	its	compositions.	This	representation	of	FAD	is	not	necessary	for	most	applications.	
However,	because	the	properties	of	 thermal	mass	 flows	may	change	from	one	position	to	
another,	demonstrating	the	properties	and	compositions	can	be	helpful	for	the	applications	
where	tracking	property	and	composition	changes	are	crucial	to	the	system.	
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(a)	traditional	FAD	
	
(b)	FAD	with	warm	indoor	air	showing	its	compositions	
Figure	6-29	two	ways	to	represent	thermal	mass	flow	systems	with	FAD		
6.3.3 Ventilation	technologies	
Based	on	 the	energy	use	and	energy	 savings,	 ventilation	 technologies	 can	be	 classified	as	
natural	ventilation,	mechanical	ventilation,	and	hybrid	ventilation	(ECA,	2003).		
There	 are	 two	major	 types	of	 natural	 ventilation,	 infiltration	 and	passive	 stack	 effect.	 For	
ventilation	 based	 on	 infiltration,	 fresh	 air	 enters	 into	 and	 exits	 the	 building	 through	 its	
envelope	by	infiltration	process,	as	shown	in	Figure	6-30.	Infiltration	ventilation	requires	no	
specific	openings	and	devices	to	exchange	air	but	its	ventilation	efficiency	is	unstable	because	
the	driven	 force	of	 infiltration	effect	depends	mainly	on	 the	pressure	difference	between	
inside	and	outside	of	the	building.	The	infiltration	rate	can	be	affected	if	the	wind	speed	is	too	
low	to	penetrate	the	building	envelope,	as	shown	in	Figure	6-31	
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(a)	schematic	drawing	
	
(b)	FAD		
Figure	6-30	Infiltration	ventilation	
	
Figure	6-31	FAD	of	infiltration	ventilation,	when	wind	speed	is	low	
For	ventilation	based	on	a	passive	stack	effect,	its	operation	is	driven	by	two	types	of	forces	
including	wind	and	stack	effect.	As	 shown	 in	Figure	6-32,	 the	stack	effect	 is	driven	by	 the	
buoyancy	force	generated	by	the	density	difference	between	cooler	and	warmer	indoor	air.	
This	buoyancy	 force	drives	 the	warmer	 indoor	air	 to	rise	up	 in	 the	building.	While	passive	
stack	ventilation	requires	an	airtight	and	heat	 insulated	building	envelope	to	 function,	 the	
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only	available	routes	for	the	air	to	enter	or	exit	the	building	are	the	openings.	Together	with	
wind,	stack	effect	draws	in	outdoor	air	through	building	openings.		
	
(a)	schematic	drawing	
	
(b)	FAD	(material	flows	only)	
Figure	6-32	Passive	stack	ventilation	
The	above	two	types	of	natural	ventilation	have	been	used	throughout	Europe	(ECA,	2003).	
While	passive	stack	ventilation	is	used	in	Nordic	and	Eastern	Europe,	infiltration	is	widely	used	
in	 the	UK	and	Central	Europe.	One	of	 their	 common	disadvantages	 is	unstable	ventilation	
efficiency	because	they	are	dependent	on	the	weather	conditions	including	wind	speed	and	
temperature	difference	between	indoors	and	outdoors.	Another	disadvantage	is	that	both	of	
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them	could	be	responsible	of	the	low	energy	efficiency	of	the	buildings	installing	them.	As	the	
FADs	show	in	Figure	6-33	(a),	infiltration	will	allow	warmer	indoor	air	to	escape	the	buildings	
due	to	its	low-airtight	envelope.	For	passive	stack	ventilation	shown	in	Figure	6-33	(b),	despite	
having	airtight	envelope,	the	warmer	indoor	air	can	still	escape	via	the	openings.	Therefore,	
the	energy	utilised	to	heat	up	indoor	air	will	be	wasted.	While	it	is	difficult	to	integrate	heat	
recovery	 design	 to	 infiltration	 and	 passive	 stack	 ventilation,	 this	 drawback	 of	 low	 energy	
efficiency	is	hard	to	improve	(ECA,	2003).	
	
(a)	infiltration		
	
(b)	passive	stack	
Figure	6-33	Thermal	loss	in	natural	ventilation	systems	
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Mechanical	 ventilation	 introduces	 and	 exhausts	 air	 with	 artificial	 driven	 force.	 The	 most	
common	approach	 is	 to	 install	mechanical	 fans	 to	provide	actuation	 to	 the	airflows.	With	
powered	 fans	 and	 duct	 system	 to	 actuate	 airflows,	 mechanical	 ventilation	 systems	 are	
capable	of	 recirculating	 air	 so	 that	 the	 temperature	 and	humidity	 can	be	maintained	 and	
therefore	 the	 energy	 efficiency	 of	 the	 building	 can	 be	 higher	 than	 buildings	with	 natural	
ventilation.	As	shown	in	Figure	6-34,	such	a	system	usually	has	heat	exchangers	to	recover	
heat	 from	outgoing	airflow	to	the	 incoming	airflow.	Unlike	natural	ventilation,	mechanical	
ventilation	with	heat	recovery	(MVHR)	systems	can	be	fitted	into	airtight	buildings	without	
ventilation	openings.	In	fact,	increasing	airtightness	will	also	improve	the	energy	efficiency	of	
the	 building	 fitted	with	MVHR	 system	 (Banfill,	 Simpson,	Haines,	&	Mallaband,	 2012;	Hall,	
Casey,	Loveday,	&	Gillott,	2013).	Therefore,	MVHR	is	widely	used	in	the	UK	as	the	ventilation	
solution	of	building	energy	efficiency	improvement.	
Despite	having	the	advantage	of	higher	energy	efficiency	than	natural	ventilation,	mechanical	
ventilation	and	MVHR	could	possibly	affect	resident’s	health	(Balvers	et	al.,	2012;	ECA,	2003).	
As	shown	in	Figure	6-35,	the	mechanical	fans	of	the	system	may	introduce	pollutants	so	that	
the	air	reaches	indoor	could	be	polluted	and	therefore	hazardous	to	the	residents.	The	noise	
generated	by	the	running	fans	can	also	be	an	issue.	It	may	require	regular	cleaning	and	noise	
isolation.	Together	with	the	energy	use	of	the	powered	fans,	the	running	and	maintenance	
cost	 of	 a	 mechanical	 ventilation	 system	 or	 a	 MVHR	 system	 will	 be	 higher	 than	 natural	
ventilation.		
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(a)	schematic	drawing	
	
(b)	FAD	(useful	actions	only)	
Figure	6-34	An	example	of	mechanical	ventilation	with	heat	recovery	(MVHR)	
Hybrid	 ventilation	 integrates	 the	 features,	 advantages,	 and	 disadvantages	 of	 the	 above	
ventilation	 technologies.	 In	 such	 a	 hybrid	 system,	 natural	 ventilation	 and	 mechanical	
ventilation	 can	 work	 together	 or	 independently	 according	 to	 the	 condition	 of	 the	
environment	and	therefore	such	a	hybrid	ventilation	system	requires	control	system	to	switch	
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between	ventilation	modes	to	provide	adequate	ventilation	efficiency	on	a	minimised	energy	
use.	
	
Figure	6-35	Full	FAD	of	MVHR	
Table	6-1	shows	a	comparison	between	different	ventilation	technologies	introduced	above.		
As	 shown	 in	 the	 table,	 buildings	 with	mechanical	 ventilation	 and	 hybrid	 ventilation	 have	
higher	energy	efficiency	for	having	higher	airtightness	and	heat	recovery	capability.	However,	
these	two	types	of	ventilation	require	energy	input	to	operate.	Their	mechanical	fans	may	
accumulate	 pollutants	 and	 therefore	 contaminate	 input	 airflows.	 To	 improve	 this	
disadvantage,	 air	 filters	 or	 periodical	 cleaning	 can	 be	 adapted	 but	 the	 effort	 and	 cost	 of	
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maintaining	such	a	system	will	be	increased.	The	noise	issue	also	need	to	be	dealt	with.	These	
drawbacks	all	make	the	long-term	use	of	mechanical	or	hybrid	ventilation	a	costly	option.		
On	 the	 other	 hand,	 natural	 ventilation	 technologies	 such	 as	 infiltration	 and	 passive	 stack	
ventilation	are	capable	of	 introducing	 fresh	air	without	energy	use.	However,	due	to	poor	
airtightness	and	no	heat	recovery	capability,	buildings	adapting	natural	ventilation	are	not	
able	to	maintain	indoor	temperature	without	higher	energy	consumption,	i.e.	these	buildings	
have	lower	energy	efficiency.	To	overcome	this	drawback,	it	is	necessary	to	modify	the	design	
of	natural	ventilation	so	that	it	can	be	fitted	into	airtight	building	and	integrated	with	heat	
recovery	units.	Therefore,	passive	ventilation	with	heat	recovery	(PVHR)	is	developed	to	fulfil	
this	need	of	improving	current	natural	ventilation	approaches.	
Table	6-1	Comparison	of	ventilation	technologies	
	
Ventilation	
efficiency	
Energy	
use	
Noise	
System	
complexity	
Indoor	air	
quality	
Heat	
recovery	
Building’s	
energy	
efficiency	
Building	
airtightness	
Infiltration	 Unstable	 No	 No	 Low	 Moderate	 None	 Low	 Low	
Passive	
stack	
Unstable	 No	 No	 Low	 Moderate	 None	 Low	 Low	
Mechanical	 Stable	 Yes	 High	 Moderate	 Bad	 Yes	 High	 High	
Hybrid	 Stable	
No/	
Yes	
High/	
None	
High	
Bad/	
Moderate	
Yes	 High	 High	
	
	
	
6.3.4 Passive	ventilation	with	heat	recovery	(PVHR)	
Passive	ventilation	with	heat	recovery	(PVHR)	can	be	recognised	as	an	enhanced	version	of	
passive	 stack	 ventilation.	 While	 traditional	 passive	 stack	 ventilation	 lacks	 the	 ability	 to	
recovery	heat	from	outgoing	air,	PVHR	possesses	a	set	of	heat	recovery	unit	to	overcome	this	
disadvantage	of	 traditional	 passive	 stack	 ventilation.	 This	 heat	 recovery	 unit,	 as	 shown	 in	
Figure	6-36,	is	a	coaxial	heat	unit	that	is	300	mm	long	and	consists	of	two	channels	–	one	for	
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supply	airflow	and	another	for	extract	airflow.	The	coaxial	heat	exchanger	is	designed	to	be	
able	 to	 fit	 into	 the	PVHR	system	by	directly	 connecting	ducts	and	 the	wind	cowl.	With	 its	
aluminium	fins,	the	heat	exchanger	is	able	to	transfer	heat	from	the	warmer	extract	airflow	
to	the	cooler	supply	airflow.	The	diameter	of	inner	channel	is	120	mm	and	the	other	channel	
is	170	mm	so	that	the	two	channels	have	same	cross-sectional	area.	The	heat	recovery	unit	
of	a	PVHR	 installation	usually	has	a	 set	of	 two	coaxial	heat	exchangers.	As	 the	 simulation	
shown	in	Figure	6-37,	the	heat	recovery	unit	is	capable	of	pre-heat	the	supply	airflow	before	
it	enters	the	indoor	space.	
				
Figure	6-36		Coaxial	heat	exchanger	(courtesy:	Ventive.inc)	
On	the	other	hand,	PVHR	utilises	principles	of	natural	ventilation	including	passive	stack	effect	
and	wind	power	 to	 actuate	 ventilation	airflows.	Without	mechanical	 fans,	 PVHR	does	not	
create	indoor	air	pollution	that	MVHR	does	and	consumes	no	operating	energy.		
Figure	6-38	shows	an	installation	of	PVHR.	Similar	to	passive	stack	ventilation,	the	installation	
of	PVHR	also	has	two	openings	for	ventilation.	The	difference	is	that	these	openings	for	PVHR	
do	not	allow	directly	airflows	to	and	from	ambient	environment.	The	openings	are	connected	
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to	dedicated	ducts	instead,	similar	to	the	design	of	MVHR.	However,	PVHR	does	not	utilise	
mechanical	fans	to	actuate	airflows.		
	
Figure	6-37		Airflows	in	the	heat	exchanger	assembly	(two	coaxial	heat	exchangers)	
(courtesy:	Ventive.inc)	
Figure	6-38	also	shows	that	PVHR	utilises	two	driving	forces	for	operation.	The	first	driving	
force	is	the	buoyancy	force	generated	by	the	density	difference	between	hot	air	and	cold	air,	
i.e.	 stack	effect.	While	 the	warmer	 indoor	air	 rises	and	enters	exhaust	duct	 via	 the	upper	
opening,	a	pressure	difference	between	indoor	space	and	outdoor	space	will	be	generated.	If	
the	airtightness	of	building	envelope	could	withstand	the	pressure	difference	from	attracting	
outdoor	air	via	infiltration,	outdoor	air	will	be	attracted	into	the	enclosed	building	envelope	
to	replace	the	exhausted	air	and	balance	the	pressure	indoors	and	outdoors.	
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Figure	6-38	A	typical	installation	of	PVHR	system	(courtesy:	Ventive.inc)	
The	second	driving	force	is	the	force	generated	by	wind.	The	PVHR	system	shown	in	Figure	
6-38	has	a	wind	cowl	that	is	designed	to	turn	the	wind	pressure	into	the	driving	force	of	inlet	
airflow.	 As	 shown	 in	 Figure	 6-39,	 the	 cowl	 has	 the	 structure	 that	 provides	 two	 separate	
channels	for	exhaust	airflow	and	inlet	airflow.	When	the	wind	enters	the	cowl	opening,	the	
cowl	structure	can	guide	the	wind	into	the	system	without	interfering	outgoing	airflow.	After	
entering	the	system,	the	‘Pitot’	effect	of	the	cowl	will	transform	the	wind	pressure	as	a	driving	
force	to	the	supply	airflow.		
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Figure	6-39		Cowl	design	for	wind-	and	buoyancy-assisted	passive	airflow	(courtesy:	
Ventive.inc)	
	
6.3.5 Functional	analysis	of	PVHR	
The	functional	analysis	of	the	PVHR	system	shown	in	Figure	6-38	can	be	started	with	partial	
analysis	of	the	two	actuating	forces	in	the	system	and	the	heat	recovery	function.		
The	heat	recovery	function,	as	shown	in	Figure	6-40,	decreases	the	thermal	energy	flows	out	
with	exhaust	air.	The	Coaxial	heat	exchanger	extracts	thermal	energy	within	the	exhaust	air,	
recycles	it	by	heating	up	the	incoming	supply	air	through	the	aluminium	fins.	As	the	result,	
the	supply	air	enters	indoors	with	recycled	thermal	energy	and	the	thermal	energy	loss	in	the	
exhaust	air	is	decreased.	
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Figure	6-40	Partial	FAD	of	PVHR’s	heat	recovery	
For	actuating	airflows,	the	first	is	the	buoyancy	effect	inside	the	building.	As	shown	in	Figure	
6-41,	the	heat	source	inside	the	building,	such	as	heater	and	human,	will	heat	up	the	indoor	
air.	Because	the	density	of	heated	air	is	lower	than	the	cooler	air,	the	buoyancy	force	will	then	
lift	the	warmer	indoor	air,	and	actuate	the	exhaust	airflow	and	supply	airflow.	
	
	
Figure	6-41	Partial	FAD	of	PVHR’s	buoyancy	effect	
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The	second	actuating	force	of	airflow	is	the	wind	pressure.	As	shown	in	Figure	6-42,	the	wind	
can	push	outdoor	air	to	enter	the	wind	cowl.	While	the	cowl	and	the	wind	can	generate	‘Pitot’	
effect	together,	this	driving	force	will	keep	actuate	the	supply	airflow	that	enters	the	PVHR	
system.	
	
	
Figure	6-42	Partial	FAD	of	PVHR’s	wind	actuation	
	
After	analysing	all	partial	 functions	of	 the	PVHR	system,	 the	preliminary	FAD	of	 the	PVHR	
system	that	includes	only	main	useful	functions	can	be	illustrated	as	shown	in	Figure	6-43.	
The	preliminary	FAD	explains	the	working	principles	of	the	PVHR	system.	The	full	FAD	of	the	
PVHR	 system	 is	 only	 available	 when	 it	 is	 installed	 in	 a	 building	 and	 assessed	 for	 the	
performance	because	the	performance	of	the	PVHR	will	be	affected	by	its	design	details,	as	
will	be	discussed	in	the	following	section.	
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Figure	6-43	Preliminary	FAD	of	the	PVHR	technology	
6.3.6 Performance	assessment	of	PVHR	
The	 three	 functions	 of	 PVHR	 analysed	 in	 section	 6.3.5	 need	 to	 be	 assessed	 for	 their	
performance.	 The	 first	 is	 the	 heat	 recovery	 efficiency	 of	 the	 coaxial	 heat	 exchanger	 set	
installed	in	the	system.	The	second	is	the	ventilation	efficiency	of	buoyancy-driven	ventilation.	
The	third	is	the	ventilation	efficiency	of	wind-driven	ventilation.		
On	the	other	hand,	the	PVHR	technology	is	designed	for	airtight	and	heat-insulated	buildings.	
However,	the	condition	of	the	building	envelope	may	change	from	time	to	time	especially	
buildings	 usually	 have	 windows	 and	 doors	 that	 could	 be	 opened	 to	 significantly	 change	
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airtightness	of	the	building	envelope.	It	is	important	that	the	performance	assessment	should	
be	able	 to	disclose	 the	PVHR	technology’s	behaviour	under	different	envelope	conditions.	
Therefore,	the	objectives	of	the	performant	assessment	should	include:	
1. Assess	ventilation	efficiency	of	the	PVHR	system	in	airtight	buildings	and	analyse	its	
correlation	between	wind-driven	ventilation,	buoyancy-driven	ventilation,	and	heat	
transfer	efficiency	of	the	coaxial	heat	exchanger	
2. Understand	the	behaviour	of	the	PVHR	system	when	the	airtightness	of	the	building	
is	lower.	
3. Assess	the	behaviour	of	the	PCHR	system	when	the	building	has	direct	opening	to	the	
outdoors.	
6.3.6.1 Building	setups	
In	order	to	assess	the	ventilation	efficiency	of	the	PVHR	technology	in	practical	use,	a	set	of	
PVHR	is	installed	on	a	building	located	at	southwest	of	London.	As	shown	in	Figure	6-44,	the	
PVHR	 system	 is	 integrated	 into	 the	 original	 chimney	 of	 this	 three-floor	 building.	 The	 test	
room,	located	on	the	ground	floor,	is	enhanced	for	higher	thermal	isolation	and	airtightness.	
Air	 conditioning	devices	 are	 also	 installed	 in	 the	 test	 in	 order	 to	 control	 the	 temperature	
difference	between	indoors	and	outdoors.	
An	extended	room	outside	the	test	room	is	utilised	in	order	to	assess	the	behaviour	of	the	
PVHR	system	under	different	room	airtightness.	While	the	airtightness	of	the	extended	room	
can	be	altered	by	opening	and	closing	the	door	and	the	windows,	three	scenarios	of	envelope	
airtightness	can	be	setup	for	the	performance	assessment:	
1. High	Airtightness	Scenario	(airtight	test	room	only)	
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This	 scenario	 aims	 to	 test	 the	 design	 performance	 of	 the	 PVHR	 technology.	 Because	 the	
airtightness	of	the	test	room	is	≤	1.3	m3/h/m2	@50	Pa,	air	is	only	allowed	to	enter	and	exit	the	
ventilation	system	via	the	designed	path,	i.e.	the	two	channels	of	the	wind	cowl.	
	
	
(a)	side	view	
	
(b)	top	view	(ground	floor)	
Figure	6-44	The	building	installed	with	PVHR	
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2. Low	Airtightness	Scenario	(test	room	and	extended	room)	
This	scenario	utilised	the	extended	room	to	expand	the	volume	of	the	test	room.	While	the	
airtightness	of	the	extended	room	is	low	(airtightness	level	≥	5	m3/h/m2	@50	Pa),	this	scenario	
assesses	the	ventilation	capability	of	the	PVHR	system	in	low	airtightness	buildings.	On	the	
other	hand,	heat	insulation	of	the	extended	room	is	also	lower	than	the	test	room.	This	allows	
the	 assessment	 to	 reveal	 the	behaviour	of	 the	PVHR	 technology	 in	 low	 thermal	 insulated	
building	because	more	thermal	energy	to	escape	the	system	via	the	building	envelope,	which	
might	weaken	the	buoyancy-driven	ventilation.		
3. Free	Air	Flow	Scenario	(test	room	and	extended	room,	window	opened)	
In	the	free	flow	scenario,	windows	in	the	extended	room	are	opened	for	create	an	additional	
80,000	mm2	opening	to	the	outdoor	environment	so	that	the	airtightness	level	will	exceed	
the	instrumentation	limit	(20	m3/h/m2	@50	Pa).	The	objective	of	this	scenario	is	to	understand	
what	would	happen	if	the	building	occupants	opens	the	windows	for	fresh,	cooler	outdoor	air	
in	 the	warmer	 seasons	 such	as	 spring,	 summer,	and	autumn.	While	 the	window	openings	
could	allow	massive	air	ventilation,	it	is	interesting	to	see	how	the	PVHR	system	will	act	in	this	
scenario.	However,	because	the	free	flow	between	the	test	room	and	the	extended	room	is	
limited	by	the	walls	and	the	height	of	the	door	opening,	the	two	rooms	are	still	treated	as	two	
independent	spaces	instead	of	an	enlarged	open	space.	The	test	result	is	recognised	as	the	
changed	infiltration	rate	of	the	test	room	envelope.	
6.3.6.2 Preliminary	instrumentation	setup	and	result	
In	 order	 to	 assess	 the	 ventilation	 performance	 and	 heat	 recovery	 efficiency	 of	 the	 PVHR	
system,	sensors	are	used	and	installed,	as	shown	in	Figure	6-45.	For	ventilation	performance,	
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two	 flow	 sensors	 are	 installed	 on	 the	 exhaust	 duct	 and	 the	 supply	 duct	 for	 direct	
measurement	of	the	airflow	velocity	 in	the	two	ducts.	Temperature	sensors	are	utilised	to	
collect	temperature	data	for	the	calculation	of	heat	recovery	efficiency	of	the	PVHR	system.		
	
Figure	6-45	Sensor	installation	for	preliminary	assessment	
While	the	definition	of	heat	recovery	efficiency	is	the	ability	of	the	heat	exchanger	to	transmit	
thermal	energy	from	warmer	airflow	to	cooler	airflow	that	flow	through	the	heat	exchanger,	
the	equation	of	calculating	heat	recovery	efficiency	can	be	expressed	as:	
	 Temperature	difference	between	heated	supply	airflow	and	supply	airflowTemperature	difference	between	warmer	exhaust	airflow	and	supply	airflow			
In	order	to	calculate	the	heat	recovery	efficiency	by	the	equation,	three	temperature	sensors	
are	required	to	measure	the	temperature	of	supply	airflow,	heat	supply	airflow,	and	warmer	
exhausted	 airflow.	 While	 the	 sensors	 are	 located	 at	 different	 part	 of	 the	 coaxial	 heat	
exchanger,	related	features	of	the	heat	exchanger	including	intakes	and	outlets	of	supply	and	
exhaust	channel	are	displayed	in	the	FAD,	as	shown	in	Figure	6-46.	
A	preliminary	assessment	was	conducted	utilising	only	 the	airtight	 test	 room,	 i.e.	 the	 first	
scenario,	to	validate	the	test	setup.	However,	the	result	shows	that	the	airflow	velocity	in	the	
(1)	
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supply	duct	is	different	from	the	airflow	velocity	in	the	exhaust	duct.	Without	correct	airflow	
velocity,	 it	 is	 not	 possible	 to	 calculate	 accurate	 ventilation	 efficiency.	 Therefore,	
improvements	must	be	applied	to	assess	the	total	ventilation	efficiency	of	the	PVHR	system.	
	
Figure	6-46	Partial	FAD	for	the	assessment	of	heat	recovery	efficiency	
6.3.6.3 Design	improvement	for	ventilation	performance	assessments	
While	 the	direct	measurement	of	airflows	 in	 the	preliminary	assessment	 failed	 to	provide	
consistent	 flow	 velocity	 between	 supply	 airflow	 and	 exhaust	 airflow,	 improvements	 are	
needed	for	the	assessment	setup.	Following	the	function-based	design	improvement	process	
proposed	in	Chapter	5,	the	setup	of	ventilation	performance	assessment	can	be	modified	to	
provide	accurate	measurements.	
6.3.6.3.1 Step	1:	Construct	FAD	
The	first	step	is	to	construct	the	FAD	of	the	PVHR	system	and	the	assessment	setups.	As	shown	
in	Figure	6-47,	the	issue	in	the	preliminary	assessment	is	that	the	two	flow	sensors	could	not	
output	consistent	measurements	of	supply	airflow	and	exhaust	airflow.		
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Figure	6-47	FAD	of	the	preliminary	assessment
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6.3.6.3.2 Step	2:	Time-based	FADs	
While	one	of	the	driven	forces	of	the	PVHR	system	is	wind-driven,	the	analysis	of	the	system	
can	be	divided	into	two	phases:	with	and	without	wind-driven	force.	As	shown	in	Figure	6-48,	
the	 PVHR	 system	 can	 be	 actuated	 by	 only	 the	 buoyancy	 force	 generated	 by	 the	 density	
difference	between	the	warmer	 indoor	air	and	cooler	 indoor	air.	While	the	cross-sectional	
areas	of	the	supply	duct	and	the	exhaust	duct	are	equal	and	both	flows	are	actuated	by	the	
same	driving	force,	the	flow	velocity	in	the	two	ducts	should	be	the	same.	However,	the	length	
of	the	supply	duct	is	longer	than	the	exhaust	duct.	This	generates	higher	drag	force	between	
the	supply	duct	and	the	supply	airflow.	Therefore,	the	flow	velocity	of	the	supply	airflow	will	
be	lower.	
	
Figure	6-48	PVHR	without	wind-driven	force	(partial)	
On	the	other	hand,	the	wind-driven	force	may	be	the	major	reason	why	the	measurements	
of	flow	velocity	are	different.	Figure	6-49	shows	the	analysis	of	how	wind-driven	ventilation	
impacts	the	measurement	results.	The	wind	pressure	increases	the	velocity	of	supply	airflow	
when	 it	 enters	 the	 supply	 channel	 of	 the	 wind	 cowl.	 The	 exhaust	 airflow	 may	 also	 be	
interfered	by	 the	wind	 if	 the	wind	pressure	allows	 it	 to	 come	across	 the	exhaust	 channel	
although	the	wind	cowl	has	separated	design	of	the	supply	channel	and	exhaust	channel.	
		 272	
	
	
Figure	6-49	PVHR	with	wind-driven	force
		 273	
6.3.6.3.3 Step	3:	List	of	problems	
The	 problem	 of	 the	 measurement,	 as	 already	 revealed	 in	 step	 2,	 is	 that	 the	 direct	
measurements	of	the	airflow	velocity	in	the	two	ducts	cannot	match.	This	may	be	inevitable	
because	the	actuation	of	the	PVHR	system	relies	on	the	natural	forces	such	as	buoyancy	force	
and	winds.	While	both	forces	are	not	as	stable	as	the	driven	force	of	mechanical	ventilation	
systems,	the	solution	may	be	an	approach	to	measure	the	total	air	exchange	between	indoors	
and	outdoors.	
6.3.6.3.4 Step	4:	Search	for	solutions	
While	 the	 limitations	 that	 cause	 the	 measurement	 issue	 does	 not	 originated	 from	 the	
measurement	system,	the	solution	cannot	be	achieved	by	simply	exchange	sensors.	This	is	
probably	why	that	measurement	is	an	independent	subject	in	both	original	version	of	the	re-
arranged	version	of	TRIZ	76	standard	solutions.	
The	solutions	suggested	by	the	TRIZ	76	standard	solutions	include:	
M.1:	Indirect	methods	
M.1.3:	Transform	the	problem	into	detection	of	consecutive,	successive	changes	
M.2:	Create	or	build	a	measurement	system	
M.2.2:	We	need	to	measure	something	S1	–	but	can’t	do	it	directly	
M.2.4:	If	additives	cannot	be	introduced	into	the	system	environment	as	in	M.2.3,	then	
create	them	by	decomposing	or	changing	the	state	of	something	that	is	already	in	the	
environment	
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M.5:	Direction	of	evolution	of	the	measuring	systems	
M.5.1:	Use	more	than	one	measurement	system	to	get	a	better/more	accurate	result	
M.5.2:	Measurement	 systems	evolve	 towards	 indirect	measurement	of	 features	of	
derivatives	of	the	function	being	measured	
Based	on	the	suggested	solutions	above,	 the	solution	of	 the	problem	 listed	 in	step	3	 is	 to	
create	 a	 new	measurement	 system	by	 detecting	 the	 substance	 introduced	 to	 the	 current	
substance	 in	 the	system,	and	combine	the	results	 from	the	original	“direct	measurement”	
system	and	the	new	system	for	a	more	accurate	result.	It	is	suggested	that	tracer	gas	dilution	
(TGD)	method	can	be	utilised	to	fulfil	the	requirements	of	the	suggested	solutions.	
The	TGD	method	utilises	the	concentration	change	of	the	tracer	gas	injected	in	the	testing	
building	to	calculate	the	total	air	exchange	rate	of	the	ventilation	system.	The	factors	requires	
for	calculation	 includes	concentration	change	of	 the	 tracer	gas,	 total	volume	of	 tracer	gas	
released	in	the	test	room,	volume	of	the	test	room,	and	time	interval	from	the	beginning	to	
the	end	of	the	measurement.	
The	 mediums	 utilised	 for	 the	 TGD	 method	 includes	 carbon	 dioxide	 (CO2)	 or	 sulphur	
hexafluoride	(SF6).	While	sulphur	hexafluoride	possess	safety	risks,	CO2	is	commonly	utilised	
under	most	circumstances.	The	American	Society	of	Testing	and	Materials	(ASTM)	proposed	
three	types	of	TGD	method	that	utilises	CO2	as	the	tracer	gas	(ASTM	Standard	D6245,	2012;	
ASTM	Standard	 E741,	 2011).	 The	methods	 include	 concentration	decay	method,	 constant	
injection	method,	and	equilibrium	CO2	analysis	method.	Among	the	three	methods,	constant	
injection	 method	 is	 the	 only	 method	 that	 could	 be	 adapted	 for	 the	 measurement	 of	 a	
ventilation	 system	 with	 varying	 ventilation	 rates,	 i.e.	 the	 PVHR	 system.	 Therefore,	 it	 is	
adapted	here	as	the	TGD	method	implemented	in	the	performance	assessment	system.	
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The	total	air	change	rate	per	hour	(ACH)	of	the	tested	building,	the	volume	flow	rate	of	the	
ventilation	system	should	be	first	calculated	by	the	following	equation:	
	
! = !#$% 1' ()* − !,--./0 − /1 23 '#$%,50'#$%,51 		
Where		
	 V:	Volume	flow	rate,	m3/h	
	 V	89%:	Volume	flow	rate	of	CO2	input	into	the	test	room,	m3/h	
	 Vroom:	Volume	of	the	test	room,	m3	
	 CCO2,	t:	Measured	CO2	concentration	at	specific	time	t,	ppm	
	 t1:	Start	time	of	the	measurement	
	 t2:	End	time	of	the	measurement	
The	total	air	change	rate	per	hour	(ACH)	of	the	tested	building	can	then	be	calculated	as:	
ACH = VV=>>?	
From	 equation	 (2),	 the	 constant	 injection	 method	 will	 require	 a	 mass	 flow	 controller	 to	
maintain	constant	input	rate	of	CO2	and	CO2	sensor	to	measure	the	CO2	concentration	in	the	
room,	as	shown	in	Figure	6-50.	
(2)	
(3)	
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Figure	6-50	Partial	FAD	of	constant	injection	method	
After	 completing	 functional	 analysis	 of	 measurement	 setups	 of	 heat	 recovery	 efficiency,	
direct	 flow	measurement,	 and	 TGD,	 the	 preliminary	 FAD	 of	 the	 performance	 assessment	
system	can	be	illustrated,	as	shown	in	Figure	6-51.	
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Figure	6-51	Preliminary	FAD	of	the	performance	assessment	system
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6.3.6.4 Embodiment	of	the	improved	performance	assessment	system	
The	performance	assessment	system	has	been	improved	with	the	tracer	gas	dilution	method	
shown	in	section	6.3.6.3.3.	While	the	TGD	method	is	applied	as	an	additional	measurement	
system	to	the	original	one,	the	installation	of	the	TGD	instruments	does	not	affect	the	original	
assessment	setup.		
The	installation	of	the	TGD	method	is	adapted	for	the	measurement	in	the	three	scenarios.	
Six	 CO2	 sensors	 are	 placed	 in	 the	 test	 room	 and	 the	 extended	 room	 to	 monitor	 the	
concentration	variation	and	uniformity	of	the	CO2	released	in	the	rooms,	and	the	CO2	release	
rate	 is	 controlled	 by	mass	 flow	meters.	 As	 shown	 in	 Figure	 6-52,	 three	 sensors,	 including	
sensor	E	for	exhaust	opening,	sensor	S	for	supply	opening,	and	sensor	1	for	the	far	corner	are	
placed	in	the	test	room	and	sensors	2,	3,	and	4	are	placed	in	the	extended	room.	While	the	
release	 rate	of	each	 inlet	of	CO2	 is	controlled	 to	318	sccm	(standard	cubic	centimetre	per	
minute),	one	CO2	simulates	the	CO2	generation	rate	of	one	adult	occupant.	
	
Figure	6-52	Allocation	of	CO2	inlets	and	CO2	sensors	
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6.3.6.5 Performance	assessment	results	
Based	on	the	setup,	the	performance	assessment	can	be	performed	and	analysed	according	
to	four	categories:	
1. Total	air	change	rate	by	tracer	gas	dilution	
2. Air	flow	velocity	and	behaviour	by	direct	measurement	
3. Impact	of	wind-assisted	ventilation	
4. Heat	recovery	efficiency	
While	the	first	two	categories	are	analysed	for	all	scenarios	to	understand	the	behaviour	of	
the	PVHR	technology,	the	analyses	in	the	other	two	categories	focuses	on	the	performance	
in	the	designed	building,	i.e.	the	high	airtightness	scenario.	
6.3.6.5.1 Total	air	change	rate	by	Tracer	Gas	Dilution			
Figure	6-53	shows	the	results	of	analysis	between	the	air	change	rate	and	the	temperature	
difference	between	indoors	and	outdoors.	The	result	shows	that	the	air	change	rate	increases	
when	the	airtightness	decreases.		
In	 the	 high	 airtightness	 scenario,	 when	 the	 temperature	 difference	 between	 indoors	 and	
outdoors,	i.e.	ΔT,	is	higher	than	7.5°C,	the	air	change	rate	will	be	higher	than	1.0	ACH.	In	the	
low	airtightness	scenario,	the	air	change	rate	measured	rises	to	between	1.6	and	2.3	ACH.		As	
for	the	free	flow	scenario,	the	resulted	air	exchange	rate	remains	higher	than	4	ACH,	i.e.	30	
m3/hour,	the	instrumental	limit	of	the	measurement	facility.	
If	the	performance	assessment	includes	only	the	total	air	change	rate,	the	analysis	result	may	
be	 misleading	 suggesting	 that	 the	 PVHR	 technology	 can	 work	 more	 efficiently	 when	 the	
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building	airtightness	is	low.	Therefore,	in	order	to	understand	the	system	behaviour,	further	
information	from	direct	measurements	is	required	for	further	analysis.	
	
Figure	6-53	Test	room	ventilation	rates	by	tracer	gas	dilution	
6.3.6.5.2 Air	Flow	Measurements	by	Flow	Sensors			
Figure	6-54	shows	the	results	of	direct	measurement	results	in	both	exhaust	duct	and	supply	
duct	from	the	three	test	scenarios.		
While	the	high	airtightness	scenario	represents	the	ideal	building	for	the	PVHR	system,	the	
supply	air	flows	inwards	and	the	exhaust	air	flows	outward.	The	flow	velocity	of	supply	airflow	
and	exhaust	airflow	are	close	when	the	ΔT	is	higher	than	approximately	11°C.	This	is	due	to	
the	lower	velocity	of	the	supply	airflow	caused	by	the	drag	force	between	supply	airflow	and	
the	longer	supply	duct	that	requires	higher	buoyancy	force	to	overcome,	as	already	discussed	
in	section	6.3.6.3.2.	
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Figure	6-54	Velocity	of	airflows	in	the	extract	and	supply	ducts.	
In	the	lower	airtightness	scenario,	the	airflows	in	the	ducts	still	follow	their	dedicated	flow	
directions.	However,	as	shown	in	Figure	6-54,	the	flow	velocity	of	exhaust	airflow	 is	much	
higher	than	the	supply	airflow.	While	the	cross-sectional	areas	of	both	ducts	are	the	same,	
higher	exhaust	velocity	suggests	that	another	air	supply	source	in	addition	to	the	supply	duct	
is	available,	i.e.	air	may	be	supplied	to	the	test	room	via	the	building	envelope	that	has	lower	
airtightness.	
For	the	free	flow	scenario,	it	is	obvious	that	airflows	in	the	two	ducts	both	head	outwards.	
While	the	window	in	the	extended	room	is	opened	to	allow	fresh	air	to	flow	into	the	building	
directly,	it	is	therefore	that	both	duct	are	utilised	as	exhaust	channel	for	the	outward	airflow.	
6.3.6.5.3 Impact	of	wind-assisted	ventilation	
The	analysis	of	wind-assisted	ventilation	shows	that	wind	speed	is	a	positive	factor	for	the	
ventilation.	 For	 the	 high	 airtightness	 scenario,	 the	 system	 can	 utilise	 wind	 speed	 as	 a	
contributing	factor	when	the	buoyancy	force	is	low.	As	shown	in	Figure	6-55,	although	the	
effectiveness	of	wind-driven	ventilation	is	not	significant	when	the	ΔT	is	higher	than	7°C,	it	
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could	contribute	to	faster	supply	airflow	velocity	when	the	ΔT	is	lower	than	7°C.	The	result	
suggests	that	wind-driven	ventilation	is	effective	when	the	ΔT	is	lower,	i.e.	when	the	buoyancy	
force	is	not	enough	for	the	supply	airflow	to	overcome	the	higher	drag	force	between	the	
longer	supply	duct	and	itself.	In	this	circumstance,	the	wind	pressure	could	assist	the	supply	
to	overcome	the	drag	force	and	therefore	it	is	a	positive	contributor.	However,	when	the	ΔT	
increases,	the	buoyancy	force	could	overcome	the	drag	force.	While	the	two	airflows	have	
similar	velocity,	the	contribution	of	the	wind	pressure	is	not	needed.	Therefore,	when	the	ΔT	
increases	to	higher	than	14°C,	the	wind	can	have	nearly	no	effect	on	the	supply	flow	velocity.	
	
Figure	6-55		Cross	analysis	between	wind	speed,	temperature	difference,	and	supply	flow	
velocity	for	the	high	airtightness	scenario	
On	the	other	hand,	wind-driven	ventilation	could	be	more	effective	for	the	low	airtightness	
scenario.	As	shown	in	Figure	6-56,	wind	speed	is	a	positive	factor	to	the	supply	flow	velocity	
even	if	the	ΔT	is	higher	than	15°C.	This	may	due	to	the	increased	exhaust	flow	velocity,	which	
makes	it	possible	to	balance	higher	supply	airflow	velocity.	
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Figure	6-56		Cross	analysis	between	wind	speed,	temperature	difference,	and	supply	flow	
rate	for	the	low	airtightness	scenario	
6.3.6.5.4 Heat	recovery	efficiency	
The	measurement	result	of	the	heat	recovery	efficiency	can	be	analysed	with	various	factors.	
The	first	factor	is	the	temperature	difference	between	indoors	and	outdoors,	i.e.	ΔT.	As	shown	
in	Figure	6-57,	when	the	ΔT	is	more	than	7°C,	the	heat	exchanger	units	could	contribute	up	to	
85%	heat	recovery	efficiency.	This	is	beneficial	for	building	occupants	because	the	technology	
can	help	them	to	save	heating	costs	in	colder	seasons.	
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Figure	6-57		Heat	recovery	efficiency	vs.	ΔT	
On	the	other	hand,	the	analysis	with	wind	speed	reveals	the	fact	that	higher	wind	speed	will	
decrease	the	performance	of	the	heat	exchanger	unit,	as	shown	in	Figure	6-58.	This	may	be	
the	result	of	the	higher	supply	flow	velocity	in	the	system.	
	
Figure	6-58		Heat	recovery	efficiency	vs.	wind	speed	
The	 correlation	 analyses	 of	 heat	 recovery	 efficiency	 and	 supply/exhaust	 flow	may	 further	
confirm	this.	As	shown	in	Figure	6-59	and	Figure	6-60,	the	heat	recovery	efficiency	drops	when	
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the	two	flow	velocity	increase.	This	may	be	the	consequence	of	lacking	sufficient	response	
time	for	the	heat	transfer	from	the	warmer	exhaust	air	to	the	cooler	supply	air.	
		
Figure	6-59		Cross	analysis	between	heat	recovery	efficiency,	supply	flow	velocity,	and	
intake	air	temperature.	
	
Figure	6-60		Cross	analysis	between	heat	recovery	efficiency,	exhaust	flow	velocity,	and	
exhaust	air	temperature.	
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6.3.6.6 Analysis	of	performance	assessment	results	
Based	on	 the	performance	assessment	 results,	 the	performance	and	 the	behaviour	of	 the	
PVHR	system	can	be	analysed	as	follows.	
6.3.6.6.1 High	airtightness	scenario	
In	 the	 high	 airtightness	 scenario,	 the	 PVHR	 system	 is	 able	 to	 perform	 with	 its	 designed	
ventilation	efficiency	and	behaviour.	When	ΔT	<	7°C,	buoyancy	effect	and	wind-driven	‘Pitot’	
effect	work	together	to	overcome	the	drag	force	in	the	ducts,	and	actuate	exhaust	airflow	
and	supply	airflow,	as	shown	in	Figure	6-61.	When	ΔT	>	7°C,	the	buoyancy	effect	 is	strong	
enough	to	overcome	the	drag	force	in	the	two	ducts	and	actuate	the	two	airflows	by	itself.	
While	the	exhaust	airflow	is	already	balanced	by	the	supply	flow,	the	effectiveness	of	wind-
driven	ventilation	is	not	significant,	as	shown	in	Figure	6-62.	On	the	other	hand,	because	the	
heat	recovery	efficiency	of	the	heat	exchanger	unit	rises	as	ΔT	increases,	the	heat	loss	of	the	
PVHR	system	is	also	lower.	
6.3.6.6.2 Low	airtightness	scenario	
In	the	low	airtightness	scenario,	airflows	in	the	ducts	follow	their	designed	flow	directions.	
However,	outdoor	air	 could	enter	 the	 test	 room	without	passing	 through	 the	coaxial	heat	
exchanger	unit	because	of	the	infiltration	effect	through	low	airtight	envelope.	The	building	
will	consume	more	energy	for	heating	up	incoming	air,	as	shown	in	Figure	6-63.	
6.3.6.6.3 Free	flow	scenario	
The	free	flow	scenario	simulates	the	situation	that	the	building	occupants	open	the	window	
when	it	 is	a	warm	summer	day.	 In	this	scenario,	all	 the	air	enters	 into	the	building	via	the	
window	opening.	As	shown	in	Figure	6-64,	airflows	in	the	supply	duct	and	the	exhaust	duct	
are	both	outgoing	exhaust	airflows.	The	wind-driven	ventilation	merely	exists	in	this	scenario	
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because	the	airflows	are	dominated	by	the	buoyancy,	 i.e.	stack	effect.	On	the	other	hand,	
since	the	temperatures	of	both	airflows	in	the	ducts	are	similar	and	their	flow	directions	are	
the	same,	the	coaxial	heat	exchanger	has	no	effect	in	this	scenario.		
6.3.7 PVHR	Case	Study	Conclusion	
In	this	section,	FAD	is	applied	for	representation	and	analysis	of	ventilation	systems	and	the	
improvement	of	the	performance	assessment	system	for	the	PVHR	technology.	As	the	result,	
it	shows	that	the	PVHR	technology	is	beneficial	for	the	building	occupants	for	its	capability	to	
provide	fresh,	pre-warmed	supply	air,	and	save	energy	consumption	for	heating	by	recycling	
thermal	 energy	 from	 exhaust	 air.	 The	 system’s	 performance	 can	 be	 improved	 by	 higher	
temperature	difference	between	ambient	environment	and	indoors.	Higher	wind	speed	can	
also	be	beneficial	to	the	ventilation	efficiency	under	some	circumstances.	The	coaxial	heat	
exchanger	is	capable	of	recycling	thermal	energy	from	exhaust	air	efficiently.	As	the	result,	
the	effectiveness	of	the	PVHR	technology	is	verified.	
While	 the	 analysis	 verifies	 the	 effectiveness	 of	 the	 PVHR	 technology,	 the	 case	 study	 also	
shows	the	usefulness	of	FAD	and	the	design	improvement	process.	While	FAD	helps	detailed	
understanding	of	the	PVHR	technology	and	the	performance	assessment	setup,	the	design	
improvement	process	allows	the	application	of	this	understanding	to	the	improvement	of	the	
performance	assessment	setup.	As	a	result,	the	assessment	system	is	able	to	acquire	useful	
data	for	analysis	and	the	PVHR	technology’s	behaviour	under	each	circumstance	is	disclosed.	
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Figure	6-61	FAD	of	PVHR,	high	airtightness	scenario,	ΔT	<	7°C	
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Figure	6-62	FAD	of	PVHR,	high	airtightness	scenario,	ΔT	>	7°C		
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Figure	6-63	FAD	of	PVHR,	low	airtightness	scenario	
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Figure	6-64	FAD	of	PVHR,	free	flow	scenario
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6.4 Chapter	summary	
This	chapter	introduced	two	further	case	studies	of	applying	FAD	in	design.	For	the	first	case	
study,	FAD	is	applied	to	the	design	of	a	clean	energy	community.	Because	the	focus	of	the	
design	is	to	allocate	available	technologies	and	energy	resources,	FAD	was	adapted	to	
include	quantitative	information	so	that	it	could	be	a	reference	for	calculation.	For	the	
second	case	study,	FAD	was	applied	to	the	improvement	of	ventilation	efficiency	
assessment	setups.	Because	the	assessment	involves	the	measurement	of	thermal	fluid	that	
has	features	of	both	energy	flow	and	material	flow,	FAD	is	adapted	to	allow	combination	
and	separation	of	different	flow	types.	While	the	two	case	studies	showed	that	FAD	can	be	
adapted	and	benefit	the	design	and	improvement	of	different	types	of	systems,	it	shows	the	
flexibility	of	FAD	and	the	usability	of	FAD	for	the	function-based	design	improvement	
process	and	the	function-based	new	product	design	process.	
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Chapter	7 Conclusions	
7.1 Summary	
The	research	introduced	in	this	thesis	focuses	on	the	development	of	a	supporting	tool	for	
function-based	engineering	design.	Referencing	 the	 four	 research	stages	suggested	by	 the	
design	 research	 methodology	 (DRM)	 proposed	 by	 Blessing	 and	 Chakrabarti	 (2009),	 the	
research	aims	to	adds	r	the	four	research	questions	that	were	introduced	in	the	five	chapters	
of	this	thesis,	as	shown	schematically	in	Figure	7-1.	
	
Figure	7-1	DRM	stages	and	chapters	
The	 literature	 analysis	 required	 by	DRM’s	 first	 stage,	 i.e.	 research	 clarification	 stage,	was	
introduced	in	Chapter	2	and	Chapter	3.	While	Chapter	2	covers	four	literature	analysis	topics	
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including	 definitions	 of	 engineering	 design,	 classifications	 of	 engineering	 design	 research,	
engineering	design	methods,	and	creativity	researches	related	to	engineering	design,	some	
of	the	most	popular	engineering	design	representations,	function	taxonomies,	and	artefact	
taxonomies	were	reviewed	in	Chapter	3.	The	current	situation,	i.e.	initial	reference	model,	of	
function-based	design	was	then	disclosed	by	the	literature	analysis.	For	engineering	design,	
many	 design	 methodologies	 have	 been	 proposed	 with	 functional	 representations	 and	
taxonomies.	Among	them,	representation	“Function	Structure”	and	taxonomies	“RFB”	and	
“Design	Repository”	were	considered	to	be	the	most	popular.	However,	the	analysis	revealed	
the	 fact	 that	despite	all	 these	popular	 representation	and	 taxonomies	were	developed	 to	
assist	 engineering	 design,	 they	 are	 not	 ideal	 for	 supporting	 design	 creativity.	 Functional	
Analysis	Diagram	(FAD),	as	a	part	of	a	creative	method	TRIZ’s	toolkit,	is	considered	to	be	able	
to	support	design	creativity.		
Chapter	4	introduced	the	development	of	an	artefact	taxonomy	“Mechanism	and	Machine	
Element	 Taxonomy”	 (MMET).	 While	 design	 method,	 representation,	 and	 taxonomy	 are	
considered	essential	for	function-based	design	approaches,	MMET	was	developed	to	be	fulfil	
the	need	of	a	taxonomy	that	supports	FAD	in	design.	Two	topics	were	introduced	in	Chapter	
4.	The	first	topic	is	a	case	study	that	aims	to	further	understand	the	current	situation	of	design.	
As	 the	 result,	 it	was	 revealed	 that	novice	engineers	may	 require	assistance	 in	 component	
searching	and	selection	to	generate	new	and	inventive	design	ideas.	On	the	other	hand,	the	
effect	of	fixation	was	confirmed	because	more	than	90%	of	transmission	designs	delivered	
were	dominated	by	the	given	example.	Therefore,	the	MMET	developed	in	the	second	part	
of	Chapter	4	not	only	aimed	to	provide	artefact	information	to	the	designer	but	also	tried	to	
avoid	the	fixation	effect	by	expanding	knowledge	space.	
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Chapter	5	focused	on	the	development	and	verification	of	a	design	improvement	process	and	
a	new	product	design	process	that	utilise	FAD	as	the	functional	representation	and	MMET	as	
the	artefact	taxonomy.	The	design	improvement	process,	developed	by	modifying	the	TRIZ	
problem	solving	process	proposed	Gadd	(2011),	is	a	five	step	process:	
1. Interaction	analysis	of	components	and	construct	FAD	
2. Interaction	analysis	of	components	and	main	flows,	and	construct	FAD	
3. If	the	system	has	time-dependent	variances	and	the	variances	are	critical	to	the	problem,	
construct	time-based	FADs	
4. List	 system	 problems	 including	 harmful,	 insufficient,	 and	 contradictory	 actions	 for	 all	
components	in	the	form	of	Subject-action-Object	
5. Search	for	solutions	
a. Search	for	alternative	components	(from	MMET)	
b. Apply	the	re-arranged	TRIZ	76	standard	solutions	
The	benefit	of	utilising	this	process	in	design	is	that	it	is	embedded	with	the	use	of	re-arranged	
TRIZ	76	standard	solutions.	While	the	76	standard	solutions	are	a	part	of	TRIZ’s	toolkits	for	
generating	inventive	solutions,	the	design	improvement	process	can	also	be	considered	to	be	
a	creative	problem	solving	process.		
On	the	other	hand,	the	new	product	design	process	aims	to	allow	designers	to	execute	new	
product	design	from	the	design	requirement	analysis	stage	to	the	preliminary	layout	stage.	It	
is	a	four	step	process	that	has	many	detailed	works	with	each	step:	
1. Design	requirement	analysis	
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a. The	 first	 step	 of	 the	 new	 product	 design	 is	 always	 dealing	 with	 design	
requirements	
b. Determine	the	main	flow	
According	to	the	main	flow,	the	type	of	FADs	can	be	determined	as	follows:	
• KFAD:	for	the	design	with	kinematics	as	its	main	flow.	
• EFAD:	for	the	design	with	energy	as	its	main	flow.		
• MFAD:	for	the	design	with	material	as	its	main	flow.	
• SFAD:	for	the	design	with	signal	as	its	main	flow.		
2. Establish	Preliminary	FAD	
a. Establish	preliminary	FAD	for	the	main	flow	
This	represents	the	design	requirements	in	the	form	of	FAD.	
3. Establish	FADs	with	components	
a. Search	for	components	in	the	MMET	
According	to	the	main	flows,	components	can	be	selected	from	MMET.		
b. Establish	FADs	with	searched	components	
4. Preliminary	layouts	of	designs	
In	order	to	verify	the	two	function-based	design	processes,	 two	case	studies	 including	the	
improvement	of	lawn	mower’s	blade	module	and	the	new	design	of	operating	tables	were	
conducted.	For	the	blade	module	improvement,	the	76	standard	solutions	were	proved	to	be	
effective	 on	 assisting	 solution	 generation	 and	 the	 advantage/disadvantage	 information	
within	the	MMET	can	further	assist	idea	selection.	For	the	operating	table,	it	was	shown	that	
the	new	product	design	process	could	assist	designers	to	generate	many	improved	ideas	by	
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going	 through	several	divergent	and	convergent	processes.	Both	case	 studies	provided	an	
indication	of	the	feasibility	of	the	two	design	processes.	
Chapter	6	introduced	two	case	studies	for	extensive	applications	of	the	two	function-based	
engineering	design	approaches.	The	first	was	the	planning	of	a	cleaning	energy	community	
located	 at	 the	 rural	 area	 of	 Beijing,	 China.	While	 the	 planning	 involved	 investigation	 and	
allocation	of	available	renewable	energy,	FAD	and	the	new	product	design	process	proposed	
in	 Chapter	 5	were	 adapted	 for	 the	 design	 task.	 FAD	was	 adapted	 to	 include	 quantitative	
information	 in	 its	 representation	 so	 that	 it	 could	 be	 the	 reference	 for	 energy	 resource	
estimation	and	allocation.	As	for	the	new	product	design	process,	it	was	modified	to	be	able	
to	execute	without	searching	into	taxonomies	because	the	technology	available	are	obvious.	
The	 second	 was	 the	 improvement	 for	 the	 performance	 assessment	 system	 for	 passive	
ventilation	with	heat	 recovery	 (PVHR)	 technology.	While	 the	PVHR	 system	utilises	 a	 stack	
effect	 that	caused	by	the	buoyancy	generated	between	warmer	and	colder	air	as	 its	main	
actuating	force,	the	ventilation	airflow	that	needs	to	measure	is	recognised	as	a	thermal	fluid	
that	possesses	the	characteristics	of	both	energy	flow	and	material	flow.	Therefore,	FAD	was	
adapted	to	allow	combination	and	separation	of	different	types	of	flows	for	the	assessment	
that	 involved	the	measurement	of	both	temperature	and	 flow	velocity	of	 the	airflow.	The	
function-based	 design	 improvement	 process	 was	 also	 modified	 to	 exclude	 the	 use	 of	
taxonomies	for	the	same	reason	that	not	so	many	alternative	technologies	or	components	
are	available	for	this	type	of	design.	As	the	results,	the	extensive	applications	of	FAD	and	the	
two	function-based	design	processes	were	verified.	
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7.2 Research	contributions	
The	main	contribution	of	this	research	is	the	development	and	extensive	application	of	FAD	
in	function-based	design	approaches	for	various	types	of	technical	systems.	The	successful	
application	of	FAD	to	radically	different	applications	provides	a	strong	indicator	of	the	validity	
of	the	approach.	This	contribution	was	made	by	achieving	the	five	objectives	listed	in	Chapter	
1:	
Objective	1. Understand	the	need	of	adapting	FAD	in	function-based	engineering	design	
Objective	2. Develop	an	engineering	design	taxonomy	to	support	function-based	design	
Objective	3. Adapt	 FAD	 and	 the	 taxonomy	 into	 function-based	 design	 improvement	
process	and	stimulate	creativity	
Objective	4. Develop	a	new	function-based	product	design	process	that	adapt	FAD	and	
the	taxonomy	
Objective	5. Extend	 the	 application	of	 FAD	 and	 the	design	processes	 to	more	 system	
types	
Two	 design	 processes	 were	 developed	 as	 the	 contributions	 for	 the	 function-based	
approaches.	The	two	design	processes,	including	a	new	product	design	process	and	a	design	
improvement	process,	were	developed	to	utilise	FAD	as	the	functional	representation.	While	
the	design	improvement	process	was	developed	by	modifying	Gadd’s	TRIZ	problem	solving	
process,	 the	new	product	design	process	was	a	newly	developed	process	 that	 starts	 from	
design	requirement	analysis	to	preliminary	layout	design.		
Mechanism	and	Machine	Element	Taxonomy	(MMET)	was	established	to	support	the	above	
two	design	processes	in	the	design	related	to	machine	elements.	While	the	development	of	
MMET	had	considered	fixation	effect	and	the	C-K	theory,	it	was	shown	that	MMET	could	help	
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designers	to	expand	their	knowledge	space	and	avoid	design	fixation	effect	in	the	two	case	
studies.		
The	 last	 two	 case	 studies	 of	 clean	 energy	 community	 and	 ventilation	 assessment	 system	
further	 showed	 the	ability	of	 FAD	 to	be	applied	 in	various	 types	of	designs.	 For	 the	clean	
energy	community	planning,	it	was	shown	that	FAD	can	integrate	quantitative	information	so	
that	basic	calculations	for	energy	resource	estimation	and	allocation	can	be	integrated	into	
the	 function-based	 new	 product	 design	 process.	 For	 the	 ventilation	 assessment	 system	
improvement,	it	was	shown	that	FAD	can	be	adapted	to	represent	the	various	flows	within	
thermal	fluid	systems.	While	the	two	case	studies	were	carried	out	successfully	by	the	two	
function-based	design	processes,	the	extensive	applications	of	FAD	were	verified.	
7.3 Conclusions	
Function	has	been	the	centre	of	many	engineering	design	methodologies	and	theories.	From	
Theory	of	Technical	Systems,	Systematic	Approach,	FBS	framework,	to	Graph	Theory,	these	
function-based	 design	 methodologies	 and	 theories	 all	 have	 specific	 functional	
representations.	As	further	design	supports,	some	of	the	methodologies	and	theories	have	
design	 taxonomies	 that	 could	 provide	 required	 information	 of	 functions	 or	 components.	
Among	 these	 methodologies,	 theories,	 representations,	 and	 taxonomies,	 the	 set	 of	
Systematic	Approach,	Function	Structure,	RFB,	and	Design	Repository	 is	 the	most	popular.	
However,	many	drawbacks	were	 disclosed	 from	 the	 literature	 analysis.	Design	Repository	
may	cause	design	fixation	that	blocks	creativity,	RFB	is	hard	to	master,	and	Function	Structure	
lacks	structural	information.		
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Functional	Analysis	Diagram	(FAD)	provides	an	alternative	functional	representation	that	is	
capable	of	presenting	both	functional	and	structural	information.	While	FAD	was	originated	
from	TRIZ,	it	is	inherently	capable	of	assisting	creativity	in	engineering	design.	The	artefact	
taxonomy,	MMET,	was	also	developed	to	assist	function-based	design	with	the	consideration	
of	design	fixation	effect.	In	order	to	avoid	long	learning	time	of	vocabularies,	MMET	utilised	
only	flow	vocabularies	for	input/output	inquiries	and	natural	language	to	describe	functional	
attributes.	
A	 new	 product	 design	 process	 and	 a	 design	 improvement	 process	 that	 utilise	 FAD	 as	 its	
representation	and	MMET	as	its	artefact	taxonomy	were	developed	and	verified	through	the	
case	studies	of	blade	module	improvement	and	operating	table	design.	Their	applications	also	
had	been	extended	to	the	design	of	energy	systems	and	thermal	fluid	systems	as	the	FAD	was	
able	to	adapt	and	represent	the	required	information	of	the	two	systems.	As	the	result,	the	
advantages	 of	 utilising	 FAD,	MMET,	 and	 the	 related	 design	 approaches	 in	 function-based	
design	can	be	summarised	as	follows:	
• The	 representation	 FAD	 is	 capable	 of	 representing	 both	 functional	 and	 structural	
information	
• The	design	processes	could	benefit	design	creativity	as	FAD	and	functional	analysis	are	
essential	parts	of	TRIZ	toolkits	
• The	 approaches	 and	 FAD	 can	 be	 extensively	 applied	 to	 various	 types	 of	 technical	
systems	
• MMET	 is	 a	 useful	 resource	 to	 expand	 knowledge	 space	 in	 design	without	 fixation	
effect	
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7.4 Future	work	
While	FAD,	MMET,	the	two	function-based	design	processes	were	verified	to	be	effective	to	
the	design	of	various	types	of	technical	systems,	some	future	works	are	suggested	as	follows:	
• Expand	MMET	database	to	support	other	types	of	designs	
Although	MMET	was	developed	to	support	mechanical	design	that	utilises	FAD	as	the	
functional	representation,	it	is	possible	that	MMET	can	be	expanded	to	support	other	
types	 of	 designs.	 The	 various	 types	 of	 component	 information	 in	MMET	 including	
input/output	operands,	 functional	attributes,	and	advantages/disadvantages	are	all	
able	 to	 be	 applied	 to	 other	 types	 of	 components	 or	 even	 technologies.	 However,	
inputting	 data	 into	MMET	 can	 be	 time-consuming,	 it	 would	 be	 difficult	 to	 create	
taxonomy	 for	 all	 industries	 and	 applications	 manually.	 A	 study	 of	 how	 to	 assist	
establishing	taxonomy	with	computer	programming	or	even	artificial	 intelligence	 is	
suggested	for	the	researchers	who	wish	to	continue	this	study.		
• Integration	with	current	design	tools	such	as	CAD	software	
Although	the	role	and	usefulness	of	FAD,	MMET,	and	approaches	in	function-based	
design	are	verified	in	this	research,	applying	them	in	design	may	still	require	additional	
effort	and	therefore	engineering	designers	may	just	skip	them	despite	the	fact	that	
the	tools	and	approaches	are	effective	and	intuitive	for	use.	A	possible	suggestion	is	
to	 embedded	 the	 approaches	 into	 currently	 used	 tools	 such	 as	 CAD	 software.	 For	
example,	expand	the	function	of	CAD	software	to	allow	designers	to	setup	interactions	
in	the	assembly	view	just	like	setting	up	component	relationships	and	allow	the	CAD	
software	to	generate	FADs	without	asking	designers	to	build	FADs	manually.		
• Further	assisting	numerical	calculations	
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Another	direction	of	improvement	is	to	enhance	FAD’s	ability	in	supporting	numerical	
calculations.	While	the	ventilation	assessment	case	study	had	extended	FAD’s	ability	
to	represent	quantitative	design	details,	the	further	study	may	still	need	to	explore.	A	
possible	example	may	be	linking	the	FAD	approaches	to	Modelica.	 	While	Modelica	
provides	 very	 useful	 resources	 for	 numerical	 simulation	 but	 does	 not	 support	
functional	 reasoning,	 linking	FAD	approaches	to	 it	may	be	an	 ideal	way	to	 form	an	
approach	that	emerges	both	functional-reasoning	and	numerical	considerations.	
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Appendix	II	TRIZ	Contradiction	Matrix	and	40	Inventive	Principles		
Contradiction	Matrix	(adapted	from	Altshuller	et	al.,	1997)	
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5 Area	of	moving	object
2,	17,	29,	
4
14,	15,	
18,	4
7,	14,	17,	
4
29,	30,	4,	
34
19,	30,	
35,	2
10,	15,	
36,	28
5,	34,	29,	
4
11,	2,	13,	
39
3,	15,	40,	
14
6,	3 2,	15,	16
15,	32,	
19,	13
19,	32
6
Area	of	stationary	
object
30,	2,	14,	
18
26,	7,	9,	
39
1,	18,	35,	
36
10,	15,	
36,	37
2,	38 40
2,	10,	19,	
30
35,	39,	
38
7
Volume	of	moving	
object
2,	26,	29,	
40
1,	7,	4,	
35
1,	7,	4,	
17
29,	4,	38,	
34
15,	35,	
36,	37
6,	35,	36,	
37
1,	15,	29,	
4
28,	10,	1,	
39
9,	14,	15,	
7
6,	35,	4
34,	39,	
10,	18
2,	13,	10 35
8
Volume	of	stationary	
object
35,	10,	
19,	14
19,	14
35,	8,	2,	
14
2,	18,	37 24,	35 7,	2,	35
34,	28,	
35,	40
9,	14,	17,	
15
35,	34,	
38
35,	6,	4
9 Speed
2,	28,	13,	
38
13,	14,	8
29,	30,	
34
7,	29,	34
13,	28,	
15,	19
6,	18,	38,	
40
35,	15,	
18,	34
28,	33,	1,	
18
8,	3,	26,	
14
3,	19,	35,	
5
28,	30,	
36,	2
10,	13,	
19
8,	15,	35,	
38
10 Force
8,	1,	37,	
18
18,	13,	1,	
28
17,	19,	9,	
36
28,	10
19,	10,	
15
1,	18,	36,	
37
15,	9,	12,	
37
2,	36,	18,	
37
13,	28,	
15,	12
18,	21,	
11
10,	35,	
40,	34
35,	10,	
21
35,	10,	
14,	27
19,	2
35,	10,	
21
19,	17,	
10
1,	16,	36,	
37
11 Stress	or	pressure
10,	36,	
37,	40
13,	29,	
10,	18
35,	10,	
36
35,	1,	14,	
16
10,	15,	
36,	28
10,	15,	
36,	37
6,	35,	10 35,	24 6,	35,	36
36,	35,	
21
35,	4,	15,	
10
35,	33,	2,	
40
9,	18,	3,	
40
19,	3,	27
35,	39,	
19,	2
14,	24,	
10,	37
12 Shape
8,	10,	29,	
40
15,	10,	
26,	3
29,	34,	5,	
4
13,	14,	
10,	7
5,	34,	4,	
10
14,	4,	15,	
22
7,	2,	35
35,	15,	
34,	18
35,	10,	
37,	40
34,	15,	
10,	14
33,	1,	18,	
4
30,	14,	
10,	40
14,	26,	9,	
25
22,	14,	
19,	32
13,	15,	
32
2,	6,	34,	
14
13
Stability	of	the	
object's	composition
21,	35,	2,	
39
26,	39,	1,	
40
13,	15,	1,	
28
37 2,	11,	13 39
28,	10,	
19,	39
34,	28,	
35,	40
33,	15,	
28,	18
10,	35,	
21,	16
2,	35,	40
22,	1,	18,	
4
17,	9,	15
13,	27,	
10,	35
39,	3,	35,	
23
35,	1,	32
32,	3,	27,	
16
13,	19
27,	4,	29,	
18
14 Strength
1,	8,	40,	
15
40,	26,	
27,	1
1,	15,	8,	
35
15,	14,	
28,	26
3,	34,	40,	
29
9,	40,	28
10,	15,	
14,	7
9,	14,	17,	
15
8,	13,	26,	
14
10,	18,	3,	
14
10,	3,	18,	
40
10,	30,	
35,	40
13,	17,	
35
27,	3,	26
30,	10,	
40
35,	19
19,	35,	
10
35
15
Duration	of	action	by	a	
moving	object
19,	5,	34,	
31 2,	19,	9 3,	17,	19
10,	2,	19,	
30 3,	35,	5 19,	2,	16 19,	3,	27
14,	26,	
28,	25 13,	3,	35 27,	3,	10
19,	35,	
39
2,	19,	4,	
35
28,	6,	35,	
18
16
Duration	of	action	by	a	
stationary	object
6,	27,	19,	
16
1,	40,	35
35,	34,	
38
39,	3,	35,	
23
19,	18,	
36,	40
17 Temperature
36,22,	6,	
38
22,	35,	
32
15,	19,	9 15,	19,	9
3,	35,	39,	
18
35,	38
34,	39,	
40,	18
35,	6,	4
2,	28,	36,	
30
35,	10,	3,	
21
35,	39,	
19,	2
14,	22,	
19,	32
1,	35,	32
10,	30,	
22,	40
19,	13,	
39
19,	18,	
36,	40
32,	30,	
21,	16
19,	15,	3,	
17
18 Illumination	intensity 19,	1,	32 2,	35,	32
19,	32,	
16
19,	32,	
26
2,	13,	10
10,	13,	
19
26,	19,	6 32,	30 32,	3,	27 35,	19 2,	19,	6
32,	35,	
19
32,	1,	19
32,	35,	1,	
15
19
Use	of	energy	by	
moving	object
12,18,28,
31
12,	28
15,	19,	
25
35,	13,	
18
8,	35,	35
16,	26,	
21,	2
23,	14,	
25
12,	2,	29
19,	13,	
17,	24
5,	19,	9,	
35
28,	35,	6,	
18
-
19,	24,	3,	
14
2,	15,	19 -
20
Use	of	energy	by	
stationary	object
19,	9,	6,	
27
36,	37
27,	4,	29,	
18
35
19,	2,	35,	
32
-
21 Power 8,	36,	38,	
31
19,	26,	
17,	27
1,	10,	35,	
37
19,	38 17,	32,	
13,	38
35,	6,	38 30,	6,	25 15,	35,	2 26,	2,	36,	
35
22,	10,	
35
29,	14,	2,	
40
35,	32,	
15,	31
26,	10,	
28
19,	35,	
10,	38
16 2,	14,	17,	
25
16,	6,	19 16,	6,	19,	
37
22 Loss	of	Energy
15,	6,	19,	
28
19,	6,	18,	
9
7,	2,	6,	
13
6,	38,	7
15,	26,	
17,	30
17,	7,	30,	
18
7,	18,	23 7
16,	35,	
38
36,	38
14,	2,	39,	
6
26 19,	38,	7
1,	13,	32,	
15
23 Loss	of	substance
35,	6,	23,	
40
35,	6,	22,	
32
14,	29,	
10,	39
10,	28,24
35,	2,	10,	
31
10,	18,	
39,	31
1,	29,	30,	
36
3,	39,	18,	
31
10,	13,	
28,	38
14,	15,	
18,	40
3,	36,	37,	
10
29,	35,	3,	
5
2,	14,	30,	
40
35,	28,	
31,	40
28,	27,	3,	
18
27,	16,	
18,	38
21,	36,	
39,	31
1,	6,	13
35,	18,	
24,	5
28,	27,	
12,	31
24 Loss	of	Information 10,	24,	
35
10,	35,	5 1,	26 26 30,	26 30,	16 2,	22 26,	32 10 10 19
25 Loss	of	Time
10,	20,	
37,	35
10,	20,	
26,	5
15,	2,	29
30,	24,	
14,	5
26,	4,	5,	
16
10,	35,	
17,	4
2,	5,	34,	
10
35,	16,	
32,	18
10,	37,	
36,5
37,	36,4
4,	10,	34,	
17
35,	3,	22,	
5
29,	3,	28,	
18
20,	10,	
28,	18
28,	20,	
10,	16
35,	29,	
21,	18
1,	19,	26,	
17
35,	38,	
19,	18
1
26 Quantity	of	
substance/the	matter
35,	6,	18,	
31
27,	26,	
18,	35
29,	14,	
35,	18
15,	14,	
29
2,	18,	40,	
4
15,	20,	
29
35,	29,	
34,	28
35,	14,	3 10,	36,	
14,	3
35,	14 15,	2,	17,	
40
14,	35,	
34,	10
3,	35,	10,	
40
3,	35,	31 3,	17,	39 34,	29,	
16,	18
3,	35,	31
27 Reliability
3,	8,	10,	
40
3,	10,	8,	
28
15,	9,	14,	
4
15,	29,	
28,	11
17,	10,	
14,	16
32,	35,	
40,	4
3,	10,	14,	
24
2,	35,	24
21,	35,	
11,	28
8,	28,	10,	
3
10,	24,	
35,	19
35,	1,	16,	
11
11,	28
2,	35,	3,	
25
34,	27,	6,	
40
3,	35,	10
11,	32,	
13
21,	11,	
27,	19
36,	23
28
Measurement	
accuracy
32,	35,	
26,	28
28,	35,	
25,	26
28,	26,	5,	
16
32,	28,	3,	
16
26,	28,	
32,	3
26,	28,	
32,	3
32,	13,	6
28,	13,	
32,	24
32,	2 6,	28,	32 6,	28,	32
32,	35,	
13
28,	6,	32 28,	6,	32
10,	26,	
24
6,	19,	28,	
24
6,	1,		32 3,	6,	32
29 Manufacturing	
precision
28,	32,	
13,	18
28,	35,	
27,	9
10,	28,	
29,	37
2,	32,	10 28,	33,	
29,	32
2,	29,	18,	
36
32,	23,	2 25,	10,	
35
10,	28,	
32
28,	19,	
34,	36
3,	35 32,	30,	
40
30,	18 3,	27 3,	27,	40 19,	26 3,	32 32,	2
30
External	harm	affects	
the	object
22,	21,	
27,	39
2,	22,	13,	
24
17,	1,	39,	
4
1,	18
22,	1,	33,	
28
27,	2,	39,	
35
22,	23,	
37,	35
34,	39,	
19,	27
21,	22,	
35,	28
13,	35,	
39,	18
22,	2,	37
22,	1,	3,	
35
35,	24,	
30,	18
18,	35,	
37,	1
22,	15,	
33,	28
17,	1,	40,	
33
22,	33,	
35,	2
1,	19,	32,	
13
1,	24,		6,	
27
10,	2,	22,	
37
31
Object-generated	
harmful	factors
19,	22,	
15,	39
35,	22,	1,	
39
17,	15,	
16,	22
17,	2,	18,	
39
22,	1,	40 17,	2,	40
30,	18,	
35,	4
35,	28,	3,	
23
35,	28,	1,	
40
2,	33,	27,	
18
35,	1
35,	40,	
27,	39
15,	35,	
22,	2
15,	22,	
33,		31
21,	39,	
16,	22
22,	35,	2,	
24
19,	24,	
39,	32
2,	35,	6
19,	22,	
18
32 Ease	of	manufacture
28,	29,	
15,	16
1,	27,	36,	
13
1,	29,	13,	
17
15,	17,	
27
13,	1,	26,	
12
16,	40
13,	29,	1,	
40
35
35,	13,	8,	
1
35,	12
35,	19,	1,	
37
1,	28,	13,	
27
11,	13,	1
1,	3,	10,	
32
27,	1,	4 35,	16
27,	26,	
18
28,	24,	
27,	1
28,	26,	
27,	1
1,	4
33 Ease	of	operation
25,	2,	13,	
15
6,	13,	1,	
25
1,	17,	13,	
12
1,	17,	13,	
16
18,	16,	
15,	39
1,	16,	35,	
15
4,	18,	39,	
31
18,	13,	
34
28,	13	35 2,	32,	12
15,	34,	
29,	28
32,	35,	
30
32,	40,	3,	
28
29,	3,	8,	
25
1,	16,	25
26,	27,	
13
13,	17,	1,	
24
1,	13,	24
34 Ease	of	repair
2,	27		35,	
11
2,	27,	35,	
11
1,	28,	10,	
25
3,	18,	31
15,	13,	
32
16,	25
25,	2,	35,	
11
1 34,	9 1,	11,	10 13
1,	13,	2,	
4
2,	35
11,	1,	2,	
9
11,	29,	
28,	27
1 4,	10 15,	1,	13
15,	1,	28,	
16
35
Adaptability	or	
versatility
1,	6,	15,	
8
19,	15,	
29,	16
35,	1,	29,	
2 1,	35,	16
35,	30,	
29,	7 15,	16
15,	35,	
29
35,	10,	
14
15,	17,	
20 35,	16
15,	37,	1,	
8
35,	30,	
14
35,	3,	32,	
6 13,	1,	35 2,	16
27,	2,	3,	
35
6,	22,	26,	
1
19,	35,	
29,	13
36 Device	complexity
26,	30,	
34,	36
2,	26,	35,	
39
1,	19,	26,	
24
26
14,	1,	13,	
16
6,	36 34,	26,	6 1,	16
34,	10,	
28
26,	16 19,	1,	35
29,	13,	
28,	15
2,	22,	17,	
19
2,	13,	28
10,	4,	28,	
15
2,	17,	13
24,	17,	
13
27,	2,	29,	
28
37
Difficulty	of	detecting	
and	measuring
27,	26,	
28,	13
6,	13,	28,	
1
16,	17,	
26,	24
26
2,	13,	18,	
17
2,	39,	30,	
16
29,	1,	4,	
16
2,	18,	26,	
31
3,	4,	16,	
35
30,	28,	
40,	19
35,	36,	
37,	32
27,	13,	1,	
39
11,	22,	
39,	30
27,	3,	15,	
28
19,	29,	
39,	25
25,	34,	6,	
35
3,	27,	35,	
16
2,	24,	26 35,	38
19,	35,	
16
38 Extent	of	automation
28,	26,	
18,	35
28,	26,	
35,	10
14,	13,	
17,	28
23
17,	14,	
13
35,	13,	
16
28,	10 2,	35 13,	35
15,	32,	1,	
13
18,	1 25,	13 6,	9 26,	2,	19 8,	32,	19 2,	32,	13
39 Productivity
35,	26,	
24,	37
28,	27,	
15,	3
18,	4,	28,	
38
30,	7,	14,	
26
10,	26,	
34,	31
10,	35,	
17,	7
2,	6,	34,	
10
35,	37,	
10,	2
28,	15,	
10,	36
10,	37,	
14
14,	10,	
34,	40
35,	3,	22,	
39
29,	28,	
10,	18
35,	10,	2,	
18
20,	10,	
16,	38
35,	21,	
28,	10
26,	17,	
19,	1
35,	10,	
38,	19
1
Improving	parameters
Sacrificed	parameters
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Contradiction	Matrix	(adapted	from	Altshuller	et	al.,	1997)	(continued)	
	
21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39Pow
er
Loss	of	Energy
Loss	of	substance
Loss	of	Inform
ation
Loss	of	Tim
e
Q
uantity	of	
substance/the	m
atter
Reliability
M
easurem
ent	
accuracy
M
anufacturing	
precision
External	harm
	affects	
the	object
Object-generated	
harm
ful	factors
Ease	of	m
anufacture
Ease	of	operation
Ease	of	repair
Adaptability	or	
versatility
Device	com
plexity
Difficulty	of	detecting	
and	m
easuring
Extent	of	autom
ation
Productivity
1
Weight	of	moving	
object
12,	36,	
18,	31
6,	2,	34,	
19
5,	35,	3,	
31
10,	24,	
35
10,	35,	
20,	28
3,	26,	18,	
31
1,	3,	11,	
27
28,	27,	
35,	26																																										
28,	35,	
26, 18
22,	21,	
18, 27
22,	35,	
31,	39
27,	28,	1,	
36
35,	3,	2,	
24
2,	27,	28,	
11
29,	5,	15,	
8
26,	30,	
36,	34
28,	29,	
26,	32
26,	35	
18,	19
35,	3,	24,	
37
2
Weight	of	stationary	
object
15,	19,	
18,	22
18,	19,	
28,	15
5,	8,	13,	
30
10,	15,	
35
10,	20,	
35,	26
19,	6,	18,	
26
10,	28,	8,	
3
18,	26,	
28
10,	1,	35,	
17
2,	19,	22,	
37
35,	22,	1,	
39
28,	1,	9
6,	13,	1,	
32
2,	27,	28,	
11
19,	15,	
29
1,	10,	26,	
39
25,	28,	
17,	15
2,	26,	35
1,	28,	15,	
35
3
Length	of	moving	
object
1,	35
7,	2,	35,	
39
4,	29,	23,	
10
1,	24 15,	2,	29 29,	35
10,	14,	
29,	40
28,	32,	4
10,	28,	
29,	37
1,	15,	17,	
24
17,	15 1,	29,	17
15,	29,	
35,	4
1,	28,	10
14,	15,	1,	
16
1,	19,	26,	
24
35,	1,	26,	
24
17,	24,	
26,	16
14,	4,	28,	
29
4
Length	of	stationary	
object
12,	8 6,	28
10,	28,	
24,	35
24,	26,	
30,	29,	
14
15,	29,	
28
32,	28,	3 2,	32,	10 1,	18
15,	17,	
27
2,	25 3 1,	35 1,	26 26
30,	14,	7,	
26
5 Area	of	moving	object
19,	10,	
32,	18
15,	17,	
30,	26
10,	35,	2,	
39
30,	26 26,	4
29,	30,	6,	
13
29,	9
26,	28,	
32,	3
2,	32
22,	33,	
28,	1
17,	2,	18,	
39
13,	1,	26,	
24
15,	17,	
13,	16
15,	13,	
10,	1
15,	30 14,	1,	13
2,	36,	26,	
18
14,	30,	
28,	23
10,	26,	
34,	2
6
Area	of	stationary	
object
17,	32 17,	7,	30
10,	14,	
18,	39
30,	16
10,	35,	4,	
18
2,	18,	40,	
4
32,	35,	
40,	4
26,	28,	
32,	3
2,	29,	18,	
36
27,	2,	39,	
35
22,	1,	40 40,	16 16,	4 16 15,	16 1,	18,	36
2,	35,	30,	
18
23
10,	15,	
17,	7
7
Volume	of	moving	
object
35,	6,	13,	
18
7,	15,	13,	
16
36,	39,	
34,	10
2,	22
2,	6,	34,	
10
29,	30,	7
14,	1,	40,	
11
25,	26,	
28
25,	28,	2,	
16
22,	21,	
27,	35
17,	2,	40,	
1
29,	1,	40
15,	13,	
30,	12
10 15,	29 26,	1 29,	26,	4
35,	34,	
16,	24
10,	6,	2,	
34
8
Volume	of	stationary	
object
30,	6
10,	39,	
35,	34
35,	16,	
32	18
35,	3 2,	35,	16
35,	10,	
25
34,	39,	
19,	27
30,	18,	
35,	4
35 1 1,	31 2,	17,	26
35,	37,	
10,	2
9 Speed
19,	35,	
38,	2
14,	20,	
19,	35
10,	13,	
28,	38
13,	26
10,	19,	
29,	38
11,	35,	
27,	28
28,	32,	1,	
24
10,	28,	
32,	25
1,	28,	35,	
23
2,	24,	35,	
21
35,	13,	8,	
1
32,	28,	
13,	12
34,	2,	28,	
27
15,	10,	
26
10,	28,	4,	
34
3,	34,	27,	
16
10,	18
10 Force
19,	35,	
18,	37
14,	15
8,	35,	40,	
5
10,	37,	
36
14,	29,	
18,	36
3,	35,	13,	
21
35,	10,	
23,	24
28,	29,	
37,	36
1,	35,	40,	
18
13,	3,	36,	
24
15,	37,	
18,	1
1,	28,	3,	
25
15,	1,	11
15,	17,	
18,	20
26,	35,	
10,	18
36,	37,	
10,	19
2,	35
3,	28,	35,	
37
11 Stress	or	pressure
10,	35,	
14
2,	36,	25
10,	36,	3,	
37
37,	36,	4
10,	14,	
36
10,	13,	
19,	35
6,	28,	25 3,	35 22,	2,	37
2,	33,	27,	
18
1,	35,	16 11 2 35 19,	1,	35 2,	36,	37 35,	24
10,	14,	
35,	37
12 Shape 4,	6,	2 14
35,	29,	3,	
5
14,	10,	
34,	17
36,	22
10,	40,	
16
28,	32,	1
32,	30,	
40
22,	1,	2,	
35
35,	1
1,	32,	17,	
28
32,	15,	
26
2,	13,	1 1,	15,	29
16,	29,	1,	
28
15,	13,	
39
15,	1,	32
17,	26,	
34,	10
13
Stability	of	the	
object's	composition
32,	35,	
27,	31
14,	2,	39,	
6
2,	14,	30,	
40
35,	27
15,	32,	
35
13 18
35,	24,	
30,	18
35,	40,	
27,	39
35,	19
32,	35,	
30
2,	35,	10,	
16
35,	30,	
34,	2
2,	35,	22,	
26
35,	22,	
39,	23
1,	8,	35
23,	35,	
40,	3
14 Strength
10,	26,	
35,	28
35
35,	28,	
31,	40
29,	3,	28,	
10
29,	10,	
27
11,	3 3,	27,	16 3,	27
18,	35,	
37,	1
15,	35,	
22,	2
11,	3,	10,	
32
32,	40,	
25,	2
27,	11,	3 15,	3,	32
2,	13,	25,	
28
27,	3,	15,	
40
15
29,	35,	
10,	14
15
Duration	of	action	by	a	
moving	object
19,	10,	
35,	38
28,	27,	3,	
18 10
20,	10,	
28,	18	
3,	35,	10,	
40 11,	2,	13 3
3,	27,	16,	
40
22,	15,	
33,	28
21,	39,	
16,	22	 27,	1,	4 12,	27
29,	10,	
27 1,	35,	13
10,	4,	29,	
15
19,	29,	
39,	35 6,	10
35,	17,	
14,	19
16
Duration	of	action	by	a	
stationary	object
16
27,	16,	
18,	38
10
28,	20,	
10,	16
3,	35,	31
34,	27,	6,	
40
10,	26,	
24
17,	1,	40,	
33
22 35,	10 1 1 2
25,	34,	6,	
35
1
20,	10,	
16,	38
17 Temperature
2,	14,	17,	
25
21,	17,	
35,	38
21,	36,	
29,	31
35,	28,	
21,	18
3,	17,	30,	
39
19,	35,	3,	
10
32,	19,	
24
24
22,	33,	
35,	2
22,	35,	2,	
24
26,	27 26,	27 4,	10,	16 2,	18,	27 2,	17,	16
3,	27,	35,	
31
26,	2,	19,	
16
15,	28,	
35
18 Illumination	intensity 32
13,	16,	1,	
6
13,	1 1,	6
19,	1,	26,	
17
1,	19
11,	15,	
32
3,	32 15,	19
35,	19,	
32,	39
19,	35,	
28,	26
28,	26,	
19
15,	17,	
13,	16
15,	1,	19 6,	32,	13 32,	15 2,	26,	10 2,	25,	16
19
Use	of	energy	by	
moving	object
6,	19,	37,	
18
12,	22,	
15,	24
35,	24,	
18,	5
35,	38,	
19,	18
34,	23,	
16,	18
19,	21,	
11,	27
3,	1,	32
1,	35,	6,	
27
2,	35,	6
28,	26,	
30
19,	35
1,	15,	17,	
28
15,	17,	
13,	16
2,	29,	27,	
28
35,	38 32,	2
12,	28,	
35
20
Use	of	energy	by	
stationary	object
28,	27,	
18,	31
3,	35,	31
10,	36,	
23
10,	2,	22,	
37
19,	22,	
18
1,	4
19,	35,	
16,	25
1,	6
21 Power 10,	35,	
38
28,	27,	
18,	38
10,	19 35,	20,	
10,	6
4,	34,	19 19,	24,	
26,	31
32,	15,	2 32,	2 19,	22,	
31,	2
2,	35,	18 26,	10,	
34
26,	35,	
10
35,	2,	10,	
34
19,	17,	
34
20,	19,	
30,	34
19,	35,	
16
28,	2,	17 28,	35,	
34
22 Loss	of	Energy 3,	38
35,	27,	2,	
37
19,	10
10,	18,	
32,	7
7,	18,	25
11,	10,	
35
32
21,	22,	
35,	2
21,	35,	2,	
22
35,	32,	1 2,	19 7,	23
35,	3,	15,	
23
2
28,	10,	
29,	35
23 Loss	of	substance
28,	27,	
18,	38
35,	27,	2,	
31
15,	18,	
35,	10
6,	3,	10,	
24
10,	29,	
39,	35
16,	34,	
31,	28
35,	10,	
24,	31
33,	22,	
30,	40
10,	1,	34,	
29
15,	34,	
33
32,	28,	2,	
24
2,	35,	34,	
27
15,	10,	2
35,	10,	
28,	24
35,	18,	
10,	13
35,	10,	
18
28,	35,	
10,	23
24 Loss	of	Information 10,	19 19,	10 24,	26,	
28,	32
24,	28,	
35
10,	28,	
23
22,	10,	1 10,	21,	
22
32 27,	22 35,	33 35 13,	23,	
15
25 Loss	of	Time
35,	20,	
10,	6
10,	5,	18,	
32
35,	18,	
10,	39
24,	26,	
28,	32
35,	38,	
18,	16
10,	30,	4
24,	34,	
28,	32
24,	26,	
28,	18
35,	18,	
34
35,	22,	
18,	39
35,	28,	
34,	4
4,	28,	10,	
34
32,	1,	10 35,	28 6,	29
18,	28,	
32,	10
24,	28,	
35,	30
26 Quantity	of	
substance/the	matter
35 7,	18,	25 6,	3,	10,	
24
24,	28,	
35
35,	38,	
18,	16
18,	3,	28,	
40
13,	2,	28 33,	30 35,	33,	
29,	31
3,	35,	40,	
39
29,	1,	35,	
27
35,	29,	
25,	10
2,	32,	10,	
25
15,	3,	29 3,	13,	27,	
10
3,	27,	29,	
18
8,	35 13,	29,	3,	
27
27 Reliability
21,	11,	
26,	31
10,	11,	
35
10,	35,	
29,	39
10,	28 10,	30,	4
21,	28,	
40,	3
32,	3,	11,	
23
11,	32,	1
27,	35,	2,	
40
35,	2,	40,	
26
27,	17,	
40
1,	11
13,	35,	8,	
24
13,	35,	1
27,	40,	
28
11,	13,	
27
1,	35,	29,	
38
28
Measurement	
accuracy
3,	6,	32
26,	32,	
27
10,	16,	
31,	28
24,	34,	
28,	32
2,	6,	32
5,	11,	1,	
23
28,	24,	
22,	26
3,	33,	39,	
10
6,	35,	25,	
18
1,	13,	17,	
34
1,	32,	13,	
11
13,	35,	2
27,	35,	
10,	34
26,	24,	
32,	28
28,	2,	10,	
34
10,	34,	
28,	32
29 Manufacturing	
precision
32,	2 13,	32,	2 35,	31,	
10,	24
32,	26,	
28,	18
32,	30 11,	32,	1 26,	28,	
10,	36
4,	17,	34,	
26
1,	32,	35,	
23
25,	10 26,	2,	18 26,	28,	
18,	23
10,	18,	
32,	39
30
External	harm	affects	
the	object
19,	22,	
31,	2
21,	22,	
35,	2
33,	22,	
19,	40
22,	10,	2
35,	18,	
34
35,	33,	
29,	31
27,	24,	2,	
40
28,	33,	
23,	26
26,	28,	
10,	18
24,	35,	2
2,	25,	28,	
39
35,	10,	2
35,	11,	
22,	31
22,	19,	
29,	40
22,	19,	
29,	40
33,	3,	34
22,	35,	
13,	24
31
Object-generated	
harmful	factors
2,	35,	18
21,	35,	2,	
22
10,	1,	34
10,	21,	
29
1,	22
3,	24,	39,	
1
24,	2,	40,	
39
3,	33,	26
4,	17,	34,	
26
19,	1,	31
2,	21,	27,	
1
2
22,	35,	
18,	39
32 Ease	of	manufacture
27,	1,	12,	
24
19,	35
15,	34,	
33
32,	24,	
18,	16
35,	28,	
34,	4
35,	23,	1,	
24
1,	35,	12,	
18
24,	2
2,	5,	13,	
16
35,	1,	11,	
9
2,	13,	15 27,	26,	1
6,	28,	11,	
1
8,	28,	1
35,	1,	10,	
28
33 Ease	of	operation
35,	34,	2,	
10
2,	19,	13
28,	32,	2,	
24
4,	10,	27,	
22
4,	28,	10,	
34
12,	35
17,	27,	8,	
40
25,	13,	2,	
34
1,	32,	35,	
23
2,	25,	28,	
39
2,	5,	12
12,	26,	1,	
32
15,	34,	1,	
16
32,	26,	
12,	17
1,	34,	12,	
3
15,	1,	28
34 Ease	of	repair
15,	10,	
32,	2
15,	1,	32,	
19
2,	35,	34,	
27
32,	1,	10,	
25
2,	28,	10,	
25
11,	10,	1,	
16
10,	2,	13 25,	10
35,	10,	2,	
16
1,	35,	11,	
10
1,	12,	26,	
15
7,	1,	4,	
16
35,	1,	13,	
11
34,	35,	7,	
13
1,	32,	10
35
Adaptability	or	
versatility 19,	1,	29 18,	15,	1
15,	10,	2,	
13 35,	28 3,	35,	15
35,	13,	8,	
24
35,	5,	1,	
10
35,	11,	
32,	31 1,	13,	31
15,	34,	1,	
16
1,	16,	7,	
4
15,	29,	
37,	28 1
27,	34,	
35
35,	28,	6,	
37
36 Device	complexity
20,	19,	
30,	34
10,	35,	
13,	2
35,	10,	
28,	29
6,	29
13,	3,	27,	
10
13,	35,	1
2,	26,	10,	
34
26,	24,	
32
22,	19,	
29,	40
19,	1
27,	26,	1,	
13
27,	9,	26,	
24
1,	13
29,	15,	
28,	37
15,	10,	
37,	28
15,	1,	24
12,	17,	
28
37
Difficulty	of	detecting	
and	measuring
18,	1,	16,	
10
35,	3,	15,	
19
1,	18,	10,	
24
35,	33,	
27,	22
18,	28,	
32,	9
3,	27,	29,	
18
27,	40,	
28,	8
26,	24,	
32,	28
22,	19,	
29,	28
2,	21
5,	28,	11,	
29
2,	5 12,	26 1,	15
15,	10,	
37,	28
34,	21 35,	18
38 Extent	of	automation 28,	2,	27 23,	28
35,	10,	
18,	5
35,	33
24,	28,	
35,	30
35,	13
11,	27,	
32
28,	26,	
10,	34
28,	26,	
18,	23
2,	33 2 1,	26,	13
1,	12,	34,	
3
1,	35,	13
27,	4,	1,		
35
15,	24,	
10
34,	27,	
25
5,	12,	35,	
26
39 Productivity
35,	20,	
10
28,	10,	
29,	35
28,	10,	
35,	23
13,	15,	
23
35,	38
1,	35,	10,	
38
1,	10,	34,	
28
18,	10,	
32,	1
22,	35,	
13,	24
35,	22,	
18,	39
35,	28,	2,	
24
1,	28,	7,	
10
1,	32,	10,	
25
1,	35,	28,	
37
12,	17,	
28,	24
35,	18,	
27,	2
5,	12,	35,	
26
Improving	parameters
Sacrificed	parameters
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Appendix	III	Re-arranged	TRIZ	76	standard	solutions	(adapted	from	Gadd,	2011)	
Harmful	actions	
H.1	 Eliminate	
H.1.1	 Eliminate	the	component	if	the	useful	action	is	not	needed	
H.1.2	 Eliminate	the	subject	if	the	object	can	perform	the	useful	action	
H.1.3	 Eliminate	the	subject	if	another	component	can	perform	the	useful	action	
H.1.4	 Trim	the	subject	if	a	resource	can	perform	the	useful	action	
H.1.5	 Trim	the	subject	if	it’s	not	needed	after	performing	its	useful	action	
H.1.6	 Remove	harmful	parts	but	keep	the	useful	parts	if	possible	
H.2	 Stop	
H.2.1	 Using	opposite	field	to	counteract	and	neutralise	the	harmful	action	
H.2.2	 Use	another	object	that	is	not	sensitive	to	the	harmful	action	
H.2.3	 Decrease	the	zone	and	time	that	is	affected	by	the	harmful	action	
H.2.4	 H.2.4.1	
Introduce	insulation	to	prevent	two	components	that	generate	harmful	
actions	from	contacting	
H.2.4.2	
If	existing	components	can	generate	something	that	could	block	the	
harmful	action	between	two	components,	use	it.	
H.2.5	 Introduce	sacrificial	substance	that	attracts	harm	
H.2.6	 Apply	the	required	filed	indirectly	if	it	also	generates	harmful	actions	
H.2.7	 Add	something	to	weaken	the	required	field	generates	harm	but	only	
required	in	some	part	of	the	system	
H.2.8	 Replace	the	field	that	generates	harm	with	a	weaker	field	by	enhance	it	at	
the	point	needed	
H.2.9	 Neutralise	the	harm	with	sub-systems	
H.2.10	 Utilise	the	environment	to	neutralise	the	harm	
H.2.11	 Find	methods	to	turn	off	the	harmful	action	
H.3	 Transform	
H.3.1	 Transform	the	harmful	action	with	another	harmful	action	
H.3.2	 Transform	disadvantages	as	advantages	
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H.3.3	 Neutralise	the	harmful	action	by	another	harmful	action	
H.3.4	 If	the	harmful	action	can	generate	useful	effect	for	a	larger	magnitude,	
magnify	it	
H.4	 Correct	
H.4.1	 Compensate	and	eliminate	the	harmful	action	after	it	acts	
H.4.2	 Add	something	to	control	or	counteract	the	harmful	action	if	it’s	inevitable	
H.4.3	 Predict	harmful	action	and	prevent	it	in	advance	
Insufficient	actions	
I.1		 Add	something	to	fulfil	the	required	action	
I.1.1	 Introduce	additives	that	could	enhance	the	action	to	inside	the	
subject	or	object	
I.1.2	 Enhancing	insufficient	actions	by	introducing	additives	between	the	
subject	and	the	object	
I.1.3	 Utilise	the	environment	to	enhance	the	insufficient	action	
I.1.4	 Introduce	additives	that	could	provide	extra	functions	to	the	
environment	of	the	subject	and	object	
I.1.5	 Introduce	additives	that	could	provide	extra	functions	outside	the	
subject	and	object	
I.1.6	 If	something	from	the	environment	could	enhance	the	actions,	use	
it	
I.1.7	 Try	to	decompose	or	deteriorate	anything	in	the	environment	or	
the	system	to	enhance	the	function	
I.2	 Modify	the	subject	and	object	
I.2.1	 Segmentation	
I.2.2	 Change	the	material	to	porous	or	capillary	that	allows	fluids	to	pass	
through	
	
I.2.3	 Use	multiple	similar	(or	dissimilar)	components	or	systems	
I.2.4	 Improve	the	system’s	flexibility,	adaptability,	and	dynamics	
I.2.5	 Improve	the	flexibility	or	rigidity	of	the	links	between	components	
I.2.6	 Allow	to	elements	to	have	opposite	function	so	the	the	system	
function	can	transit	from	one	to	another	
I.2.7	 Allow	sub-system	and	super-system	to	perform	different/opposite	
functions	
I.2.8	 Deliver	functions	to	the	micro-level	of	the	system	
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I.2.9	 Extra	functions	performed	by	partial	system	of	a	component	to	
improve	system’s	effectiveness	and	controllability	
I.2.10	 Utilise	the	components	that	could	specifically	deliver	function	to	
the	time/space	needed.	
I.3	 Enhance	a	missing	or	insufficient	action	
I.3.1	 Add	the	missed	action	to	the	system	
I.3.2	 Add	an	extra	action	if	the	system	can’t	be	changed	
I.3.3	 Search	for	better	actions	
I.3.4	 Change	the	uniformity	of	the	action	in	the	beginning,	permanently	
or	temporarily	
I.3.5	 Consider	if	matching	of	mismatching	the	natural	frequency	between	
the	actions	and	the	components	could	improve	system	
effectiveness	
I.3.6	 Matching	the	frequencies	between	the	actions	within	the	system	
I.3.7	 Separate	the	active	time	of	two	incompatible	actions	
I.3.8	 Create	another	field(action)	with	current	fields(actions)	in	the	
system	
I.3.9	 Utilise	environmental	actions/fields	such	as	solar	power,	wind	
power,	temperature,	humidity,	magnetic	fields.	
I.3.10	 Use	components	already	in	the	system	to	act	as	media	of	sources	of	
extra	actions	
I.3.11	 Use	excessive	action	and	remove	the	extras	afterwards	
I.3.12	 Add	a	small	amount	of	something	highly	active	
I.3.13	 Let	the	additive	to	perform	at	a	specific	point	
I.3.14	 Introduce	the	additive	but	remove	after	it	performs	
I.3.15	 Create	a	copy	of	the	original	object	if	additives	are	not	permitted	
I.3.16	 Change	the	phase	of	existing	components	for	better	actions	
I.3.17	 Utilise	the	phenomena	occurred	when	something	change	with	
phase	to	achieve	an	action	
I.3.18	 Utilise	something	that	properties	change	with	phase	to	achieve	an	
action	
Measurement	
M.1	 Indirect	measurements	
M.1.1	 Avoid	the	measurements	by	changing	the	problem	
M.1.2	 Copy	the	target	as	an	image	and	measure	it	instead	
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M.1.3	 Change	the	measurement	as	detecting	continuous	changes	
M.2	 Additional	measurement	system	
M.2.1	 Introduce	additives	that	reflect	the	state	of	the	measuring	target	
measurable	when	can’t	measure	the	target	directly	–	measure	the	
additives	
M.2.2	 Introduce	an	additional	component	providing	an	extra	field	that	
linked	to	the	measuring	target	for	measurement	when	the	target	
field	is	not	measurable	
M.2.3	 If	the	system	can’t	be	changed,	add	something	measurable	and	will	
change	with	the	measuring	target	in	the	the	environment,	and	
measure	it	
M.2.4	 If	environment	doesn’t	allow	adding	anything,	create	the	additive	
from	what	is	available	in	the	environment		
M.3	 Improve/Enhancing	measurement	performance	
M.3.1	 Utilise	known	physical	effect	in	the	system	
M.3.2	 Measure	the	excited	resonance	frequency	of	the	system	or	
component	when	no	fields	available	for	measurement	
M.3.3	 If	the	system	or	component	can’t	be	excited,	try	join	it	with	another	
object	and	measure	the	resonance	frequency	
M.4	 Extra	substances	and	fields	such	as	ferromagnetic	materials	and	field	
M.4.1	 Add	detectable	fields	such	as	ferromagnetism	and	measure	it	to	
improve	measurement	results	
M.4.2	 Add	something	with	detectable	fields	such	as	ferromagnetic	
particles	into	the	system	
M.4.3	 Introduce	detectable	additives	into	the	subjects	and/or	objects	
M.4.4	 Introduce	detectable	additives	into	the	surrounding	environment	
M.4.5	 Utilise	effects	such	as	Curie	point	effect	and	Barkhausen	effect	to	
improve	measurements	
M.5	 Suggestion	for	evolution	of	the	measuring	systems	
M.5.1	 Use	multiple	measurement	system	for	measurement	accuracy	
M.5.2	 In	direct	measurement,	measure	the	features	of	derivatives	of	the	
measuring	target	
	
	
